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Abstract 
The main focus of this project has been the investigations into the effect that fluorine 
substitution has on structures of molecular complexes containing DNA base molecules. 
Previous work done on these molecules has been targeted at producing anti-cancer or anti-
viral treatments, which reflects an important ultimate aim of investigations in this area.  
Success in this structural project would make a contribution towards this aim, by helping 
the understanding of the effects of fluorination on some of the interactions that control 
DNA  self-assembly,  notably  base-pairing  and  stacking  interactions,  together  with 
additional interactions involving fluorine. The specific aim of this project was to grow 
crystals of molecular complexes of cytosine and 5-fluorocytosine with co-molecules and 
use  the  structural  descriptions  to  assess  the  difference  between  the  structures  and  the 
influence the presence of the fluorine atom has on the structure when compared to the non-
fluorinated equivalent. 
Single crystal X-ray diffraction has been the main method of analysis, backed up by related 
techniques. Many crystallisations have been set up with cytosine and 5-fluorocytosine with 
a wide range of targeted co-molecules. 5-fluorouracil and uracil have also been used in 
related co-crystallisations with the aim of producing related complexes of these materials 
with the same co-molecules as used with cytosine and 5-fluorocytosine. In both families of 
complexes it was hoped that the fluorine would have an effect on the base-pairing motifs 
adopted in the structures, with the control being the non-fluorinated structure. 
The program dSNAP has been used to give a comparison of the structures produced in this 
work with those already reported in the CSD. This program has given an indication of the 
classification of the standard primary bonding  motifs and to analyse the other features 
commonly seen in base pairs such as buckling and propeller twisting. 
The  comprehensive  series  of  complexes  produced  have  provided  the  opportunity  to 
examine significant structural trends, notable in the adoption of various base-pair motifs 
based on the Watson-Crick, Hoogsten and derived base-pairing patterns.  The degree of 
proton transfer to the ring nitrogen of the cytosine could be rationalised in terms of the 
DpKa values, and the proton transfer has a substantial effect on the base-pair motifs able to 
be adopted. The classification of the complex structures in terms of hetero (pseudo)-base-
pairing  has  also  been  found  to  be  of  value.    Extensive  base-stacking  and  weaker 
interactions involving fluorine are also present; these have been analysed and found to 
have significant effects on the structures adopted, and hence may have future implications 
for the assembly of fluorinated DNA. 5 
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Chapter 1 – Introduction 
 
The aim of the work presented in this thesis was to investigate the effect of the addition of 
a  fluorine  atom  to  one  or  both  of  the  components  in  molecular  complexes  involving 
nucleobases on the consequent hydrogen bonding motifs obtained. This builds on recent 
work on the incorporation of such modified nucleosides into polymeric DNA or DNA-
related  structures  [1,2,3,4].  A  range  of  these  substituted  nucleosides  can  also  be 
polymerised  using  DNA  polymerases,  allowing  these  materials  to  go  beyond  synthetic 
chemical methods in producing  chemically modified DNA materials.  These substituted 
materials have potential impact in many fields. 
1.1 DNA 
 
Deoxyribonucleic acid,  or DNA, is the  genetic material present in  a  cell. This genetic 
material is used in the development and functioning of all living organisms. The main 
purpose of DNA is to store information for long-term storage. DNA is a linear polymer 
built  up  of  monomeric  units,  the  nucleotides.  The  nucleotides  are  connected  with  a 
backbone made of sugars and phosphate groups joined by an ester bond. This forms a 
chain of nucleotides. 
The  DNA  helical  structure  is  a  molecular  assembly  with  a  remarkable  biological 
functionality and selectivity in a biological context. The basic molecular assembly of DNA 
consists  of  a  double  helical  structure,  comprising  two  intertwined  sugar-phosphate 
backbones,  with  the  two  strands  linked  by  complementary  pairs  of  bases  (Figure  1.1). 
These base pairs provide a natural route to the functionality and selectivity of the DNA 
structure, with hydrogen bond mediated linkages between adenine-thymine and guanine-
cytosine pairs. The Wilson group has  a long record of studies of hydrogen bonds and 
indeed of hydrogen-bonded base pairs [5,6,7], and the work presented in this thesis builds 
on this. 
Modifications  of  the  DNA  structure  can  be  naturally  carried  out  in  two  distinct  areas: 
firstly  the  sugar-phosphate  backbone,  while  retaining  its  basic  function  in  providing  a 
framework to enable and control base-pairing; secondly, the base-pairing and stacking, and 
the  bases  themselves,  which  are  the  effective  functional  groups  in  the  chemical  and 
biological activity of DNA. There has been a recent increase of interest in the possible 
chemical modification of DNA components, with a view to modifying molecular function 
while  maintaining  the  critical  ability  to  retain  important  biological  activity.  These 41 
investigations must deal with the interplay of factors governing the structure, including the 
conformation  of  the  sugar-phosphate  backbone,  the  hydrogen-bonded  base-pairing 
(including subtle factors such as propeller-twisting of these bases), the base-stacking (an 
effect notoriously difficult to quantify fully), and the critical aspect of solvent structure, 
including strongly hydrogen bonded water networks in either of the two main grooves in 
the double helical structure. 
The  information  stored  in  DNA  is  dependent  on  the  sequence  these  bases  are  in.  The 
information is read using the genetic code, which specifies the sequence of the amino acids 
within proteins. The double helical structure DNA was first proposed by James D. Watson 
and Francis Crick [8] (Figure 1.1).  
 
Figure 1.1 Double helical structure of of DNA showing the hydrogen bonds between bases and the 
sugar phosphate backbone.  P represents the phosphate backbone, S the sugar units, and A, T, G, C 
represent the four nucleobases [9]. 
Unlike  RNA,  in  all  living  organisms,  DNA  does  not  usually  exist  as  a  single  strand 
molecule, but instead as a pair of strands that are held tightly together. The two chains are 
twisted together to form the shape of a double helix. The nucleotide repeats contain both 
the segment of the backbone of the molecule, which is what holds the chain together, and a 
base, which interacts with another DNA strand in the helix. A base linked to a sugar is 
called a nucleoside and a base linked to a sugar and one or more phosphate groups is called 
a nucleotide. If multiple nucleotides are linked together, as in DNA, this polymer is called 
a  polynucleotide.  The  arrangement  of  two  nucleotides  binding  across  the  double  helix 
through the bases (via hydrogen bonds) is known as a base pair. The bases in DNA have a 
very  strong  selectivity  towards  pairing  in  specific  complementary  pairs  (see  below);  
consequence  of  this  base  complementary,  is  that  all  the  information  stored  in  DNA  is 
duplicated on each strand, which is vital in DNA replication. 42 
The code present in DNA is read by copying segments of the related nucleic acid into RNA 
via a process called transcription. This process creates a complementary RNA copy of a 
sequence of DNA. RNA and DNA are thus nucleic acids that use base pairs of nucleotides 
as a complementary language that can be converted back and forth from DNA to RNA by 
the action of the correct enzyme.  
  
Figure 1.2. The four nucleobases found in DNA, split into two groups, purines (adenine and guanine) 
and pyrimidines (thymine and cytosine). 
There are two main types of bases found in DNA, purines and pyrimidines (Figure 1.2). 
Each  of  the  two  categories  of  bases  contains  two  bases,  the  two  purines,  adenine  and 
guanine, and the two pyrimidines, cytosine and thymine. These bases are highly specific as 
purines only hydrogen bond or base pair with pyrimidines. Even more specific is the fact 
that adenine will only base pair with thymine and cytosine will only base pair with guanine 
as seen in Figure 1.3. In RNA the thymine base is replaced by uracil. The adenine (A) and 
thymine  (T)  base  pair  contains  a  pair  of  hydrogen  bonds,  whilst  the  guanine  (G)  and 
cytosine (C) base pair contains an additional hydrogen bond to make three in the base pair. 
DNA with a high proportion of GC base pairs is more stable than DNA that has a low 
content of GC base pairs. This additional stability, is not due to the extra hydrogen bond 
but rather the contribution of stacking interactions of the base-pairs [10]. The hydrogen 
bonds provide specificity of the pairing and are not the sole provider of the stability in the 
double helix. 43 
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Figure 1.3. The base pairs found in DNA – guanine hydrogen bonding with cytosine and adenine 
hydrogen bonding with thymine. 
It is therefore the percentage of GC pairs and the overall length of the DNA double helix 
that determines the strength of the association between the strands. As a result long strands 
with a high GC content have stronger interacting strands when compared with a short 
strand with a high AT content. Areas of DNA that need to be easily pulled apart, for DNA 
replication, tend to have a high AT content to make it easier to pull the strands apart. The 
way to determine the strength of the interactions is to find the temperature required to 
break the hydrogen bonds present, the melting temperature. When all of the base pairs 
melt,  the  two  strands  separate  and  exist  in  solution  as  two  completely  independent 
molecules.  
1.2 Nucleosides 
 
Figure 1.4. The difference between a nucleotide (left – containing a phosphate group) and a nucleoside 
(right – with no phosphate group). 
There are many different functions of nucleosides that can be manipulated for a beneficial 
biological effect [11,12,13,14].  Nucleosides are glycosylamines that are made by attaching 
a nucleobase to a ribose or deoxyribose ring (depending on whether it is RNA or DNA).  
Nucleosides are not to be confused with nucleotides, which have three components: the 
nitrogenous base, a sugar and a phosphate group. Figure 1.4 shows that the main difference 
between a nucleoside and a nucleotide is that a nucleoside does not have the phosphate 
group, instead having a hydroxyl group attached to C5 of the ribose. 44 
Nucleosides have been studied to try and use their activity for antiviral and anticancer 
treatments. This would be a major breakthrough if these nucleosides could eventually be 
used  for  these  procedures.  Cass  et  al  at  the  University  of  Alberta,  Canada,  have 
investigated  the  use  of  nucleosides  for  antiviral  and  anticancer  treatment  [15].  Their 
research  has  been  into  the  role  of  nucleoside  transporters  in  resistance  to  cancer 
chemotherapy.  The  efficacy  of  these  anticancer  nucleoside  drugs  greatly  depends  on  a 
complex interplay of transporters mediating entry of nucleoside drugs into cells, efflux 
mechanisms that remove drugs from intracellular compartments and cellular metabolism to 
active metabolites [11]. 
1.3 Fluorinated Nucleosides 
 
There has been much investigation carried out into fluorinated nucleosides [16,17,18,19] 
and fluorinated bases due to the uses that can be attributed to them once fully formulated.  
This work has been carried out with antiviral and anticancer properties in mind due to the 
major benefits that could be had if this works and becomes readily available. There has 
been no major use of these on a global scale as of yet but with the amount of research 
currently  going  into  this  area  it  may  not  be  a  distant  reality.  The  first  obstacle  to  be 
overcome  is  the  synthesis  of  the  fluorinated  nucleotides  themselves  [20,21].    Many 
different research groups have carried out work in this area but a group at Harvard (Lee, 
Uttamapinant and Verdine) have had some success. This group has dealt with the synthesis 
of 4’-fluoronucleosides [22]. One of the main purposes of these products is to stop cell 
growth  of  tumors  by  inhibiting  the  replication  of  the  cells.  This  has  not  been  totally 
successful so far but more studies have been undertaken and it is hopeful that this process 
will one day be possible [23,24,25]. 
Fluorinated nucleosides exhibit a wide variety of biological activity and have been used as 
anti-tumor and antiviral agents [25]. One factor that is very important is the stability of the 
nucleoside analogue and in particular the stability of the glycosyl bond in determining the 
biological activity as well as the therapeutic usefulness of nucleosides as drug candidates. 
Fluorine  can  be  substituted  at  the  2’-  or  3’-  position  of  a  sugar  and  this  is  known  to 
increase  the  chemical  stability  of  the  nucleoside  analogues,  particularly  in  an  acidic 
environment.  This  substitution  of  fluorine  also  increases  the  metabolic  stability.  These 
findings  have  suggested  the  importance  of  the  fluorine  moiety  in  the  nucleoside  and 
therapeutic agents [26]. 45 
1.4 Crystal Engineering 
 
Crystal engineering [27,28] is the design and in some cases the synthesis of molecular 
complexes  that  exhibit  a  motif  that  was  designed  or  predicted  prior  to  the  molecular 
assembly.  The  aims  are  to  adapt  the  physical  and  chemical  properties  of  the  resulting 
product.  One  way  of  helping  to  engineer  crystal  structures  is  to  take  into  account  the 
bonding motifs, for example the hydrogen bonding, that will be likely to form between two 
(or more) targeted molecules. The idea is to use functional groups on the same molecule or 
on separate molecules that will form interactions that are preferred to the other possible 
interactions. The knowledge of the preferred intermolecular bonding motif when specific 
functional groups are used can then be used to design alternative molecular complexes. 
The predictability of crystal structures is the first step towards tuning of the properties. The 
easiest method for designing and controlling molecular assembly is to target systems where 
the crystal structure is robustly held together via strong intermolecular interactions such as 
hydrogen bonding. 
The  problem  with  crystal  engineering  is  that  a  basic  knowledge  of  preferred  bonding 
patterns must be known before predictions and design can be undertaken. This means a 
process must be adopted to build up a library of basic bonding motifs and a knowledge of 
preferred  bonding  patterns  when  specific  functional  groups  are  present.  Crystal 
engineering  requires  account  to  be  taken  of  both  the  strong  and  weak  intermolecular 
interactions that can occur in the structure under investigation. The structural motifs can be 
used  as  building  blocks  for  the  extension  of  the  crystal  structure;  these  basic  building 
blocks are referred to as supramolecular synthons. The structural motifs that are adopted by 
the crystal engineer are ideally repeatedly reoccurring in related molecular complexes and 
show the same interactions of particular molecules of function groups; an example of this 
is the interactions that occur between the base molecules found in DNA. The hydrogen 
bonding seen in DNA is an example of predictability of the type being explored by crystal 
engineers.  
Some important papers regarding crystal engineering have been published in recent times 
[29]. One example of the applications of crystal engineering is the molecular complexes 
formed between chloranilic acid (C) and the three picoline isomers (P) in both 1:1 and 1:2 
ratios [30]. The important part here is that in several structures it can be seen that common 
bonding patterns are repeated with supramolecular units forming in the P:C:C:P (1:1 ratio) 
or a P:C:P (1:2 ratio) unit. The supramolecular units revolve around bifurcated hydrogen 
bonds involving hydrogen transfer from the chloranilic acid molecule to the picoline and 46 
the  predictability  of  this  forming  between  the  targeted  molecules  (Figure  1.5).  The 
chloranilic acid molecule is symmetrical and as a result means the same hydrogen bonding 
opportunities are available on both sides of the molecules (Figure 1.6).  
 
 
Figure 1.5. Bifurcated hydrogen-bond seen in picoline and chloranilic acid complexes [30]. 
 
 
Figure 1.6. P:C:P and P:C:C:P complexes seen in picoline and chloranilic acid complexes [30]. 
The basic hydrogen bonding of the chloranilic acid and the picoline molecule is readily 
predicted  and  this  preferred  bonding  pattern  can  be  seen  in  both  the  1:1  and  the  1:2 
molecular complexes. The level of proton transfer with respect to the picoline molecule is 
the same but the chloranilic acid molecule can either transfer both protons in the case of 
the  1:1  molecular  complexes  or  only  one  proton  in  the  case  of  the  1:2  molecular 
complexes. The protonation state of the chloranilic acid molecule is therefore the structure 
directing aspect of this particular building block this is another important aspect of the 
design process in crystal engineering. 
1.5 Hydrogen Bonding  
 
A  hydrogen  bond  is,  in  general,  made  of  three  atoms,  one  hydrogen  atom  and  two 
electronegative atoms [31]. One electronegative atom will be an acceptor and one will be a 
donor. These make up a hydrogen bond that can be instrumental to the formation of a 
molecular complex (Figure 1.7). 47 
 
Figure 1.7. Schematic  of a conventional hydrogen bond, demonstrated for water. 
Table 1.1. The definition and characteristics of hydrogen bonds [taken from reference 
31]. 
For a hydrogen bond interaction to form, the donor must have significant electronegativity 
to remove electron density from the hydrogen. This will allow the hydrogen to interact 
with nearby atoms containing lone pairs and polarisable π electrons to form the hydrogen 
bond as the hydrogen is deshielded. There are three classes of hydrogen bonds: weak, 
moderate  and  strong.  DNA  is  one  of  the  archetypal  examples  of  the  importance  of 
hydrogen bonds. 
  Strong  Moderate  Weak 
D-H…A  Mainly Covalent  Mainly Electrostatic  Electrostatic 
Bond Energy (kJ 
mol
-1) 
60-120  16-60  <12 
H
…A  1.2-1.5  1.5-2.2  2.2-3.2 
D
…A  2.2-2.5  2.5-3.2  3.2-4.0 
Bond Angles (
o)  175-180  130-180  90-150 
Relative IR 
vibration shift 
(stretching 
symmetrical 
mode, cm
-1) 
25%  10-25%  <10% 
1H NMR chemical 
shift downfield 
(ppm) 
14-22  <14  ? 
Examples  Gas phase dimers 
with strong 
acids/bases 
Proton sponge 
HF complexes 
Acids 
Alcohols 
Biological molecules 
Minor 
components of 
bifurcated 
bonds  
C-H hydrogen 
bonds 
O-H
…π 
hydrogen 
bonds 48 
1.5.1 Strong Hydrogen Bonds 
Strong hydrogen bonds are comparable to covalent bonds and the D···A distance for these 
bonds is usually less than 2.5 Å [31]. These bonds readily form when there is a deficiency of 
electron density in the donor group or an excess of electron density in the acceptor group. Due 
to a deficiency of electrons in the donor group, the resultant positive charge on the hydrogen 
atom is increased, thus making it more likely to interact. Hydrogen bond formation is greatly 
increased when there is a surplus of electrons in the acceptor group able to interact with the 
deshielded proton. It can be possible for neutral donor and acceptor groups to form strong 
hydrogen bonding interactions. This type of hydrogen bonding also occurs when groups are 
forced by configuration or conformation into much closer contacts. When these interactions 
occur they are usually referred to as forced strong hydrogen bonds. 
1.5.2 Moderate Hydrogen Bonds 
 
Moderate hydrogen bonds are the most prominent of the three types of hydrogen bond 
possible [31]. These hydrogen bonds can be inter or intramolecular, and normally consist 
of  neutral  donor  and  acceptor  groups.  Usually,  the  donor  atoms  (D)  are  more 
electronegative than the hydrogen and the acceptor atom (A) has a lone pair. An example 
of this can be the self-association of carboxylic acids or amide interactions in proteins 
[32,33]. Moderate strength hydrogen bonds do not generally have linear geometry but are 
often slightly bent. 
1.5.3 Weak Hydrogen Bonds 
 
In this case if either or both of the electronegative donor and acceptor atoms are of medium 
or low electronegativity, then the interaction is classed as a weak hydrogen bond [31]. This 
situation is normally prominent when the bonded atom is more electroneutral than the H 
atom. Examples of donor groups are C-H or Si-H. The criteria can also be filled if the 
acceptor group does not contain a lone pair but instead has π electrons such as an aromatic 
ring or a carbon-carbon triple bond. A weak hydrogen bond is close to a van der Waals 
interaction.  Weak  hydrogen  bonds  are  also  less  directional  than  strong  and  moderate 
hydrogen bonds. Weak interactions are increasingly being utilised in crystal engineering.  49 
1.5.3.1 Fluorine Hydrogen Bonds 
 
Fluorine hydrogen bonds have been widely recognised since the middle of the last century 
[34], and in recent years the hydrogen bonding ability of all of the halogens have been 
investigated.  It  has  been  widely  seen  that  fluorine  can  act  as  a  better  hydrogen  bond 
acceptor when compared to the other halogens [34], however, it is not as strong as oxygen 
and nitrogen [35,36,37,38].  
Short contacts between fluorine and hydrogen bound to carbon (C-F
…H-C) represent the 
main category of interactions involving F atoms. However, short contacts between F and 
the acidic hydrogen atoms of HO and HN do occur but are rare in the CSD [39]. The CSD 
is the Cambridge Structural Database, which contains structural information, chemical and 
bibliographic data for about 400000 organic and metal-organic compounds. Despite the 
low  number  of  F
…H  contacts  when  referring  to  acidic  protons  there  is  a  statistically 
significant increase in the short contacts to C(sp3)-F over C(sp2)-F bound fluorine atoms.  
 
Figure 1.8. Weak strength F···H-C hydrogen bond in the molecular complex of N,N,N',N'-
tetramethylethylenediammonium bis(difluoro(pentafluorophenyl)methanide) [40]. 
There are many structures present in the CSD that contain fluorine hydrogen bonds. One 
such  structure  was  published  in  2004  by  Zhu  [40].  This  structure  is  of  N,N,N',N'-
tetramethylethylenediammonium bis(difluoro(pentafluorophenyl)-methanide) (Figure 1.8). 
There  are  several  fluorine  interactions  in  this  structure,  however,  the  most  relevant 
interaction is the weak strength hydrogen bond of type C-H···F. This hydrogen bond has 
C···F distance of 3.384 Å. This interaction can be clearly seen in Figure 1.48 below. This 
interaction depicts the most common type of hydrogen bond that involves a fluorine atom. 50 
1.5.4 Bifurcated Hydrogen Bonds 
 
A hydrogen bond can be referred to as a bifurcated hydrogen bond when two acceptors or 
donors  are  involved.  Bifurcated  hydrogen  bonds  have  been  seen  in  many  structures 
involving the simplest molecules such as water [41] molecules, and more complex systems 
such as DNA [42]. The most common type of bifurcated hydrogen bonding involves one 
donor atom, a single hydrogen atom and two acceptor atoms as shown in Figure 1.9. 
 
Figure 1.9. The most common type of bifurcated hydrogen bond. 
The bifurcated hydrogen bond has some constraints; the hydrogen atom lies in a plane 
created by the two acceptor atoms and the donor atom. This means the hydrogen atom will 
lie approximately coplanar to the three atoms making up the plane. Hence, the three angles, 
one  between  each  bond  shown  in  Figure  1.9,  should  sum  to  approximately  360°.  The 
bifurcated hydrogen bond usually has a major component and a minor component. These 
components mean that one of the acceptor atoms can be more dominant with respect to the 
other  acceptor  atom  with  a  shorter  H
…A  distance  and  a  larger  D-H
…A  angle  when 
compared with that of the minor component. It is common for the major component to be 
directly comparable to a moderate strength hydrogen bond, whilst the minor component is 
comparable to a moderate or weak strength hydrogen bond. Bifurcated hydrogen bonds are 
very varied but also very common and can result in varied bond lengths and angles and in 
some cases proton disorder. 
1.5.5 Charge Assisted Hydrogen Bonds 
 
There are two cases when a charge assisted hydrogen bond can exist [43]. The first is a 
negative charge assisted hydrogen bond. This type of bond is formed then a donor atom 
has a significant localised negative charge, which results in a strong electrostatic attraction 
to the hydrogen. The other charge assisted hydrogen bond is a positive charge assisted 
hydrogen bond. This bond forms when the acceptor hydrogen has a significant localised 
positive charge, which results in a strong electrostatic attraction to the donor atom. Much 
work has been done on classifying charge assisted hydrogen bonds [11]. 51 
1.5.6 Proton Disorder 
 
In many cases a one-dimensional representation can be constructed to help illustrate the 
energy  minimum  in  a  covalently  bonded  atom  pair  with  the  parent  atom  at  the  origin 
(Figure 1.10).  
 
Figure 1.10. Potential energy profile for an atom bonded to another located at the origin of the plot. 
Close to the parent atom to which the selected subject atom is bonded there will be a large 
repulsive force and as a result a large potential. However, in the region of the ideal bond 
length between the selected atoms is a minimum and as the subject atom is moved further 
away the potential converges on the value for the two atoms being dissociated. These 
potential  energy  wells  can  become  of  great  use  to  represent  the  probable  density  of 
hydrogen in a hydrogen bonds [44]. The minimum present in the potential energy well 
corresponds to the equilibrium position of the hydrogen. The main difference between this 
and a hydrogen atom in a hydrogen bond is that the hydrogen bond will interact with two 
atoms, hence there are two such wells in opposite orientations in this representation. Figure 
1.11  helps  to  illustrate  three  possible  hydrogen  bond  potential  energy  wells,  an 
unsymmetrical double minimum, a symmetrical double well, a flat-bottomed single well. 52 
 
Figure 1.11. Three different types of hydrogen bond potential: a0 unsymmetrical double minimum, b) 
symmetrical double well, c) flat bottom single well. 
The first example (unsymmetrical double minimum) is the normal type for a moderate 
hydrogen bond. There is a second high energy minimum closer to the acceptor atom but 
this will not normally be occupied by the hydrogen atom. The second example is simply a 
special case of the first example, with two minima that are equal. The hydrogen can be 
located  in  both  minima  with  equal  probability  i.e.  disordered.  However,  in  some 
environments these two positions can be close in energy but not identical and both can be 
partly occupied. The final example arises when the two wells of the double well potential 
merge and the barrier height becomes very low, which is often the case in short, strong 
hydrogen bonds. This means that the hydrogen can transfer between the donor and the 
acceptor with only  a small increase in energy. This type often shows so-called proton 
migration as the equilibrium position for the hydrogen can move towards the middle of the 
potential well with energy gained from the increased temperature [45,46]. 
 
Figure 1.12. An example of a disordered hydrogen atom within a hydrogen bond [47]. 
The  molecular  complex  of  cytosine  with  2,5-diethyl-7,7,8,8-tetracyanoquino-dimethane 
[47] contains a hydrogen bonded unit which shows a disordered hydrogen atom within a 
hydrogen bond (Figure 1.12). This structure has two cytosine molecules that form what 
appears  like  a  Watson-Crick  hydrogen  bonding  motif  with  three  hydrogen  bonds. 
However, the hydrogen bond in the middle has two positions for the hydrogen bond with a 53 
50:50 occupancy of each position. This disorder is at its simplest level as the hydrogen 
atom is disordered by symmetry.  In some cases, the proportion of occupancy of each of 
the two sites is different, for example the case of disorder in carboxylic acid dimers such as 
that reported for benzoic acid [48].  In this case, the proportion of disorder is found to 
change as a function of temperature.  
1.6 Hydrogen Transfer and pKa matching 
 
The  prediction  of  whether  or  not  there  will  be  proton  transfer  between  molecular 
components  in  a  molecular  complex  is  another  challenge  in  crystal  engineering.  One 
method of rating the possibility of hydrogen transfer is to take into consideration the pKa 
values of the hydrogen bonded molecules used in a co-crystallisation attempt. When the 
pKa values of two molecules have a big difference then the proton would be expected to be 
bound to the molecule with the higher pKa value. When the pKa values of the two targeted 
molecules are within close proximity or are of equal value the problem becomes more 
complex.  
The rule that will be adopted during this thesis was published by Childs et al in 2007 [49]. 
The rule stated here is that when the difference between the pKas of the two components is 
less than 0 it would be expected that the product produced would be a co-crystal with 
neutral products. If the difference in pKa was greater than 3.0 then a salt would be expected 
to form. However, as stated previously in the literature [49] the region of 0-3 is difficult to 
determine and that this method is inappropriate for the formation of a salt as either salt or a 
co-crystal can form in this region. If the difference between the two pKa values is between 
0 and 3.00 then a continuum is expected where proton transfer may or may not occur. 
These rules have been shown to be a helpful guide in the design of molecular complexes 
[50], however there are examples of complexes that do not follow these rules [51].  
Another factor in the success of pKa matching is the crystallization ratio of the crystalline 
product. Some work has been carried out that help to investigate the applicability of pKa 
matching to molecular complexes that are no longer formed in a 1:1 ratio [52]. This work 
investigated  the  co-crystallisation  of  pentachlorophenol  (PCP)  with  a  series  of 
dimethylpyridines (lutidines) and resulted in the formation of molecular complexes that 
showed strong hydrogen bonding in the solid state. However, competition for the hydrogen 
atom  in  these  strong  hydrogen  bonds  by  the  pKa  matched  molecules  led  to  a  variable 
degree of hydrogen transfer from PCP towards lutidine which depended on the difference 
of the pKa values in the particular complex. There was a strong correlation found between 54 
the  pKa values and the hydrogen transfer when referring to the 1:1 molecular complexes. 
However,  when  the  crystallisation  ratio  changed  or  when  a  solvent  molecule  was 
introduced, the pKa matching did not work well. The authors state that this occurrence has 
been widely reported before and is not unexpected but it is relevant in areas such as the 
pharmaceutical industry towards understanding the crystallisation behaviour in molecular 
complexes. 
1.7 Halogen Bonding and Fluorine Interactions. 
 
In  recent  years  much  research  has  been  applied  to  the  role  of  halogens  and  their 
interactions within crystal structures.  Crystal engineering has begun to utilise interactions 
involving halogen atoms, the interactions of which are not as strong or as controllable as 
hydrogen bonding, but which are still directional and structure directing in nature.  
Significant intermolecular interactions in crystal structures can be defined by those that 
have distances that are shorter than the sum of the van der Waals radii of the two atoms. 
With all halogen interactions there is a directional preference with which contacting groups 
position themselves relative to each other. Halogen-halogen contacts can be separated into 
two  groups,  type  I  and  type  II.  This  separates  the  interactions  into  two  preferred 
geometries, type I (θ1=θ2) and type II (θ1=180
O, θ2=90
O) where θ1 and θ2 are the two C-
halogen···halogen angles [53]. 
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Figure 1.13, Halogen-halogen interactions – type 1 (left) and type 2 (right) 
These preferred geometries may result from either: 
1.  specific attractive forces in certain directions [54,55] such as increased attraction; 
2.  non-spherical shapes with polar flattening [56,57] in close packed crystals such as 
decreased repulsion. 
In the first of these, the short and directional interactions are caused by attractive forces 
and this differs from the second one in that it is due to the close packing of non-spherical 
atomic moieties of molecules.  
Desiraju [53] gave an insight into the fact that contacts from F to F, F to H, and F to C are 
very distinctive. The F
…H interactions are present in greater numbers and this is due to the 55 
strong dipole nature of the F
…H interaction. This led Desiraju to conclude that the F
…F 
interactions do not have any additional stabilising role in close packing unlike the other 
halogen-halogen interactions.  
The fluorine atom present in many crystal structures can also take part in F
…F interactions 
as well as fluorine hydrogen bonds. In the CSD there is a large proportion of structures that 
contain the F
…F interaction, with the CSD containing more than 700 F
…F interactions that 
are less than double the van der Waals radius of fluorine (2.94 Å). The majority of the F
…F 
interactions fall in the range 2.6 Å to 2.8 Å. 
 
Figure 1.14, F
…F interaction present in the structure of N-(2-Fluorobenzoyl)-N'-(p-tolyl)thiourea [58]. 
In 2004, a structure was published that exhibited a strong F
…F interaction, by Zhou et al 
[58],  of  N-(2-Fluorobenzoyl)-N'-(p-tolyl)thiourea.  In  this  structure  there  are  only  weak 
interactions between separate molecules and as such the fluorine-fluorine interaction plays 
an  important  role  in  linking  separate  molecules  together  (Figure  1.14).  The  fluorine 
fluorine  interaction  is  of  length  2.722 Å,  which  is  in  the  middle  of  region  where  the 
majority of fluorine-fluorine interactions fall. 
1.8 Other Intermolecular Interactions 
 
1.8.1 π- interactions 
 
π-interactions  or  π-effects  are  a  non-covalent  interaction  that  involves  delocalised  π 
systems. This behaves much like an electrostatic interaction where a region of negative 
charge interacts with a  positive charge. The  electron-rich  π system  can interact with a 
metal (cationic or neutral), an anion, another molecule and even another π system. These 
non-covalent  interactions  are  essential  to  biological  events  such  as  protein-ligand 
recognition. 
There are a large number of π interactions that can be present in a wide range of crystal 
systems. However, there are some that are far more common than others. One of the most 56 
common is metal-π interactions that will involve the interaction of a metal and the face of a 
nearby  π-system.  The  metal  in  this  case  can  be  a  cation  or  can  be  neutral.  Another 
interaction that is widely seen is polar-π interactions. This interaction will involve a polar 
molecule and the quadrupole moment of a π system. 
One of the next most common interactions and most important to this research is aromatic-
aromatic interactions which can also be known as π stacking or more importantly base-
stacking.  Base  stacking  interactions  are  present  in  DNA  and  RNA  and  are  due  to 
dispersion attraction, short-exchange repulsion, and electrostatic interactions, which also 
contribute to stability. GC over GC stacking interactions are more favourable to the AT 
over  AT  stacking  interactions,  however,  it  must  be  taken  into  account  that  a  GC-GC 
stacking  interaction  with  the  next  base  pair  is  geometrically  different  from  a  GC-CG 
interaction.  Aromatic-aromatic  interactions  involve  interactions  of  aromatic  molecules 
with each other. When dealing with base molecules in regards to DNA there are three main 
stacking interactions that can be undertaken by the molecules: face to face, edge to edge 
and offset π stacking. It is common in the literature that face to face stacking interactions 
are referred to simply as stacking as it is the most commonly seen stacking interaction.  
 
Figure 1.15. An example of an aromatic stacking interaction. 
The last two interactions of this type that are commonly seen are anion-π and cation- π 
interactions.  These  involve  the  interaction  of  an  anion  and  a  cation  with  a  π  system, 
respectively.  
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Figure 1.16. Stacking interactions (a) C-H-π stacking interaction (b) edge to edge stacking interaction 
and (c) face to face stacking interaction [22]. 
There are three main possibilities for the stacking interactions presented in this thesis. The 
first  is  edge  to  face  stacking  interaction.  This  interaction  has  one  molecule  lying 
perpendicular to another and the interaction forming between the molecules (Figure 1.16 
(a)) and can be considered a CH-π interaction. The offset stacking interaction orientation is 
commonly found in proteins and is the geometry of DNA base stacking (Figure 1.16 (b). In 
this  geometry,  more  surface  area  is  buried,  and  the  van  der  Waals  and  hydrophobic 
interactions  are  increased.  This  orientation  is  seen  more  commonly  when  the  electron 
density on the face of one or both rings is reduced. The final possible geometry is the face 
to  face  stacked  orientation  (Figure  1.16  (c).  This  is  commonly  observed  with  donor-
acceptor  pairs  and  compounds  that  have  opposite  quadrupole  moments,  such  that  the 
interaction between the faces of the rings is attractive.  
1.8.2 Van der Waals  
 
In its simplest definition, van der Waals interactions are the sum of the attractive force or 
repulsive  force  between  molecules  other  than  those  due  to  covalent  bonds  or  to  the 
electrostatic interaction of ions with one another or with neutral molecules. Van der Waals 
interactions include the force between a permanent dipole and an induced dipole and the 
force between two instantaneously induced dipoles. Van der Waals forces are relatively 
weak when compared to covalent and ionic bonding. The interactions are different from 
covalent and ionic bonding as van der Waals interactions are caused by correlations in the 
fluctuating polarisations of nearby particles. 
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1.9 Nucleobases 
 
The most targeted aspect in research for new treatments of cancers and viruses is to target 
the bases that are present in DNA. The idea behind targeting these materials is to use a 
foreign element attached to the natural base to try and interrupt the base pairing that occurs 
in DNA or RNA. 
1.9.1 Cytosine 
 
The cytosine molecule is one of the naturally occurring base molecules found in DNA and 
RNA  (Figure  1.17).  This  is  found  in  human  DNA  and  RNA.  The  crystal  structure  of 
cytosine monohydrate was first published by Jeffrey in 1963 [59] and this has since been 
re-determined four times [60,61,62,63]. Even with the presence of a water molecule, two 
different base-pairing motifs are still exhibited in the structure. These form into homo-base 
paired chains extending throughout the structure with the water molecule acting as both a 
link between the layers and between chains in the same layer (Figure 1.18). 
 
 
 
Figure 1.17. The molecular structure of cytosine. 
 
Figure 1.18. The structure of cytosine monohydrate showing the extended homo-base paired chain 
(left) and the water linking the layers (right) [64]. 
The anhydrous crystal structure of cytosine was reported in 1964 by Barker [64]. The same 
cytosine  chain  found  in  the  monohydrate  structure  was  also  found  in  the  anhydrous 
structure.  In  the  anhydrous  structure,  the  cytosine  molecules  are  directly  linked  to  the 
different cytosine chains in the structure through hydrogen bonds. However, unlike the 59 
monohydrate  structure  which  is  planar  with  regard  to  the  cytosine  molecules,  in  the 
anhydrous structure the adjacent chains are changed in orientation so a connection can be 
made in the absence of the water molecule. This results in spirals that link several chains 
together as seen in Figure 1.19. 
 
Figure 1.19. The structure of anhydrous cytosine showing the extended homo-base paired chain (left) 
and the chains changing orientation to link separate layers (right). 
The cytosine molecule has also been widely used [65-76] as a co-molecule in the formation 
of molecular complexes due to the hydrogen bonding potential it possesses. One factor that 
has consistently affected the structure of cytosine molecular complexes is proton transfer 
from one molecule (for example an acid molecule) to the normally unprotonated nitrogen 
atom in the cytosine ring.  
In 2008 Thomas et al [76] published a paper into the study of hydrogen bonding in proton-
transfer  complexes  of  cytosine  with  trimesic  acid  and  pyromellitic  acid.  A  molecular 
recognition process facilitated by the proton-transfer was exhibited in all of the structures. 
Both of the molecular complexes contained only charged cytosine molecules. A hydrogen 
bonded ring was formed between the area that had lost a hydrogen from the acid and the 
area of the cytosine molecule that had gained the hydrogen. The two structures contained 
in the paper both exhibit this bonding motif, shown in Figure 1.20. 
 
Figure 1.20. Asymmetric unit of the crystal structure of the molecular complex of cytosine and trimesic 
acid reported by Thomas, showing the hydrogen bonded ring bonding motif [76]. 
However, some structures that involve a cytosine molecule can have mixed protonation 
states as well. An example of this was published in 2005 by Perumalla et al [77] and is a 60 
1:1 molecular complex of cytosine and benzoic acid. In this structure one of the cytosine 
molecules is protonated and one is neutral. One of the natural bonding motifs for bases is a 
three hydrogen bond base-pairing motif seen between a cytosine molecule and a guanine 
molecule. With the transfer of the hydrogen to one but not both of the cytosine molecules 
in the structure the pseudo-Watson-Crick hydrogen bonding motif [77] becomes possible 
as a third hydrogen bond between the newly protonated nitrogen on a charged cytosine ring 
and the normally unprotonated nitrogen of a neutral cytosine can now form.   
 
Figure 1.21. The pseudo-Watson-Crick bonding motif exhibited by the cytosinium-hydrogen maleate-
cytosine molecular complex [71]. 
This  bonding  motif  was  later  seen  in  the  molecular  complex  of  cytosinium-hydrogen 
maleate-cytosine which was published in 2009 by Benali-Cherif [71]. Once again, this 
structure contains a mixed protonation state for the cytosine molecule and as a result forms 
the pseudo-Watson-Crick unit.  
1.9.2 5-Fluorocytosine 
 
5-Fluorocytosine is a synthetic antimycotic drug (Figure 1.22) [77]. It is structurally very 
similar to the cytosine molecule with a fluorine atom attached to the cytosine ring instead 
of a hydrogen atom to one of the ring carbon atoms in the 5 position. It is widely available 
in  an  oral  form  and  in  some  countries  as  an  injectable  form.  This  molecule  was  first 
synthesised in 1957 [77] but its antifungal properties were not truly discovered until 1964 
and it was finally used on humans in 1968 [77].  61 
 
Figure 1.22. The molecular structure of 5-fluorocytosine. 
The structure of 5-fluorocytosine monohydrate was first characterised by X-ray diffraction 
in  1982  by  Louis  et  al  [79].  The  structure  is  directly  comparable  to  the  cytosine 
monohydrate  structure  and  the  same  homo-base  paired  chains  of  5-fluorocytosine  are 
formed (Figure 1.23). The role that the water molecules play in both the cytosine and 5-
fluorocytosine  structures  is  similar  in  connecting  the  layers  together,  however  the  two 
structures are not isostructural. 
 
Figure 1.23. Extended homo-base paired chain found in 5-fluorocytosine monohydrate [79]. 
   
Figure 1.24. Water molecules linking separate layers found in 5-fluorocytosine monohydrate [79]. 
As  more  investigation  was  undertaken  on  the  crystallisation  of  5-fluorocytosine  an 
anhydrous structure of 5-fluorocytosine was reported in 2006 by Hulme et al and a number 
of other solvated structures were also determined [80]. The crystal structure of anhydrous 
5-fluorocytosine  also  shows  the  extended  chains  held  together  by  base  pairing  (Figure 
1.25).  The  anhydrous  5-fluorocytosine  crystal  structure  adopts  a  much  more  layered 62 
structure  than  the  equivalent  cytosine  structure  due  to  the  presence  of  weak  C-H···F 
hydrogen bonds between chains.  
   
Figure 1.25. Homo-base paired chain (left) and the stacking of the bases (right) found in the anhydrous 
form of 5-fluorocytosine [80]. 
Molecular  complexes  of  5-fluorocytosine  with  various  co-molecules  have  also  been 
reported. One example is the molecular complex of 5-fluorocytosine and salicylic acid. 
This was first published in 2001 by Prabakaran et al [81] and is more precisely named 5-
fluorocytosinium salicylate. 
 
Figure 1.26. Hydrogen bonded ring found in the molecular complex of 5-fluorocytosine and salicylic 
acid [81]. 
An important factor in this crystal structure is the transfer of a hydrogen atom from the 
salicylic acid to the 5-fluorocytosine molecule. This means that both the molecules in the 
structure are charged and these combine to form a dimer involving the area of the salicylic 
acid that has lost the hydrogen atom and the area of the 5-fluorocytosine that has gained 
the hydrogen atom. This forms a hydrogen bonded ring (Figure 1.26). Chains are formed 
via single hydrogen bonds linking separate dimers together (Figure 1.27).  63 
   
Figure 1.27. Single chain (left) and two linked chains (right) found in the molecular complex of 5-
fluorocytosine and salicylic acid [81]. 
1.9.3 Thymine 
 
In  1961  Gerdil  reported  the  monohydrate  structure  of  thymine  [82].  The  thymine 
molecules combine to form an extended chain through homo-base paired units as shown in 
Figure 1.28. This chain is very planar and contains water molecules tied to the chain on 
either side via hydrogen bonds as seen in Figure 1.29. These water molecules play an 
important role in linking separate chains of thymine molecules in separate layers. Adjacent 
chains do not lie parallel to one another. 
 
Figure 1.28. Homo-base paired chain found in thymine monohydrate [82]. 
 
Figure 1.29. Water molecules linking separate layers in thymine monohydrate [82]. 
The  co-crystallisation  of  thymine  has  not  been  widely  investigated  but  molecular 
complexes with 2-(acrylamido)-6-(methylamido)pyridine and p-benzoquinone have been 
reported [83,84]. 64 
1.9.4 Adenine 
 
The structure of adenine trihydrate has been reported in 1987 by S.M. Tret’yak [85].  No 
anhydrous forms have been reported to date. Adenine trihydrate does not show any homo-
base  pairing,  a  likely  effect  of  the  increased  proportion  of  water  molecules  contained 
within the complex. The water molecules encircle all of the adenine molecules (Figure 
1.30)  and  the  only  direct  interactions  between  adenine  molecules  are  base-stacking 
between layers (Figure 1.31).  
 
Figure 1.30. The hydrogen bonding involving the adenine molecule in the trihydrate structure.  No 
homo-base pairing is found [85]. 
   
Figure 1.31. Water molecules linking separate layers in the molecular structure of adenine hydrate 
[85]. 
Adenine  has  been  the  target  of  several  co-crystallisation  attempts  due  to  the  excellent 
hydrogen bonding opportunities that are available when this molecule is used. In 2007 
Sridhar [86] reported a structure that contained the adenine molecule co-crystallised with 
phthalic acid. As seen in some of the cytosine structures, hydrogen transfer occurs from 
one of the carboxylic acid groups of the phthalic acid to the adenine molecule. In the 
structure, the crystallisation ratio is 1:1 but there are two of each type in the asymmetric 
unit; all of the adenine molecules have gained a hydrogen atom whilst one phthalic acid 
molecule has been deprotonated and the other has remained neutral.  65 
 
Figure 1.32. Homo-base paired chain in molecular complex of adenine with phthalic acid [86]. 
In this molecular complex, unlike what was seen in the adenine trihydrate structure, there 
is homo-base pairing (Figure 1.32, left). These base pairs are linked together via single 
hydrogen bonds to create an extended chain made up of the adenine molecules (Figure 
1.30, right). 
 
Figure 1.33. Phthalate molecules tied to the homo-base paired chain in molecular structure of adenine 
with phthalic acid [86]. 
On either side of the chain there is a phthalate molecule tied to the chain via a hydrogen 
bonded ring motif. This is made up of two hydrogen bonds between two molecules and this 
occurs  on  both  sides  of  the  chain  always  involving  the  same  region  of  the  adenine 
molecule and the caboxylate group of the phthalate. The twisting of the carboxylate groups 
of the phthalate molecule allows the phthalate molecules to form hydrogen bonded rings 
with two separate layers using the two carboxylate groups as shown in Figure 1.34. There 
are also base stacking interactions between the layers.  
   
Figure 1.34. Phthalate molecules linking separate homo-base paired chains in molecular complex of 
adenine with phthalic acid [86]. 66 
It was not until 2008 that the pure structure of adenine was reported. This structure was 
published after work carried out by Mahapatra et al [87]. This structure contains hydrogen 
bonded base pairs with the two unique base pairs (Figure 1.35) being made up of two 
hydrogen bonds each. One of the base pairs involves the equivalent face of two bases 
whilst the second base pair involves two distinctly different faces of the bases. These base 
pairing motifs combine to form sheets of adenine which are approximately planar in nature 
(Figure 1.35, right).  
   
   
Figure 1.35. The base pairing of adenine molecules into layers [87]. 
The planes are linked together via base stacking interactions. It has been commonly seen in 
the other pure base structures that form sheets that the main connection between separate 
layers  are  base  stacking  interactions  and  that  these  stacking  interactions  are  staggered 
between the layers. 
1.9.5 Guanine 
 
The  crystal  structure  of  guanine  monohydrate  was  reported  by  Thewalt  in  1971  [88].  
There is no known anhydrous structure. Unlike the structure of adenine trihydrate, guanine 
monohydrate  does  contain  homo-base  pairing,  a  likely  result  of  the  decreased  relative 
amount of water (Figure 1.36). 
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Figure 1.36. Guanine molecules homo-base pairing to form sheets in guanine monohydrate [88]. 
 
Figure 1.37. Two different homo-base pairing motifs in guanine monohydrate [88]. 
There are two unique base pairing motifs present in this structure. These are depicted in 
Figure 1.37 (A and B). It is a combination of the two unique bonding motifs that help to 
form the extended planes as shown in Figure 1.38. In this Figure, it can be seen that there 
are  small  “voids”  present  in  the  structure.  However,  these  are  not  true  voids  and  are 
actually  filled  with  the  water  molecules  which  link  the  layers  together.  The  water 
molecules form hydrogen bonded chains that runs perpendicular to the planes generated by 
guanine molecules (Figure 1.38). 
 
 
Figure 1.38 Water molecules forming a chain that links different layers of the guanine sheets in the 
molecular complex of guanine [88]. 
Guanine is one of the lesser targeted molecules for co-crystallisation of the bases due to its 
solubility issues. This has meant that a cytosine and guanine molecular complex has not 
been reported to-date. As a result the use of guanine as a co-molecule is limited with only a 68 
few structures entered into the CSD. One of these structures was published in 1975 by 
Bugg, the molecular complex guanine picrate monohydrate [89]. 
 
Figure 1.39. Homo-base pair present in the molecular complex of guanine picrate monohydrate [89]. 
Even  with  the  addition  of  a  co-molecule  and  water  molecule  there  is  still  homo-base 
pairing in this structure (Figure 1.39). This base pair is made up of two hydrogen bonds but 
is not equivalent to the base-pairing motifs seen in the guanine monohydrate structure. The 
formation of an extended guanine chain is terminated by the combined effect of the picrate 
and the water molecules (Figure 1.40).  
   
Figure 1.40. Picrate molecules combining with water molecules to terminate the guanine homo-base 
paired chain in the molecular complex of guanine picrate monohydrate [89]. 
 
Figure 1.41. Crystal packing in the molecular complex of guanine picrate monohydrate [89]. 69 
1.3.6 Uracil 
 
There are four base molecules that are present in DNA. In RNA, thymine is replaced by 
uracil. This base molecule is possibly the material with the most research conducted on it. 
In 1967 Stewart published the crystal structure of uracil [90].  
 
Figure 1.42. Homo base pair in the crystal structure of uracil [90]. 
There is homo-base pairing in this structure made up of two hydrogen bonds between two 
equivalent uracil molecules (Figure 1.42). These base pairs are linked to other base pairs 
via single hydrogen bonds as seen in Figure 1.43 (left). These chains are linked to other 
chains to create sheets of uracil molecules that are very planar and can clearly be seen in 
Figure 1.43. 
 
 
Figure 1.43. Homo base chain (left) and uracil sheets (right) in the crystal structure of uracil [90]. 
The sheet of uracil molecules are held together via base-stacking interactions (Figure 1.44). 
 
Figure 1.44. Base stacking interactions between layers in the crystal structure of uracil [90]. 70 
Uracil has also been studied in co-crystallisations; uracil differs from cytosine as it is not 
possible for uracil to gain a hydrogen atom through proton transfer. One of the most recent 
structures reported regarding uracil was published in 2007 by Thomas et al [91]. This 
structure was between melamine and uracil and is produced in a 1:1 ratio. In this structure 
there is a bonding motif that resembles a Watson-Crick hydrogen bonded unit between a 
uracil  molecule  and  a  melamine  molecule.  This  bonding  motif  is  made  up  of  three 
hydrogen bonds and is depicted in Figure 1.45. 
 
Figure 1.45. Hydrogen bonding motif (left) and all hydrogen bonding involving uracil molecule (right) 
in the molecular complex of uracil and melamine [91]. 
There is no homo base pairing in this structure at all as the uracil molecule hydrogen bonds 
solely with melamine molecules as depicted in Figure 1.45 (right). However, an extended 
chain  is  formed  with  a  twisted  melamine  melamine  hydrogen  bonding  motif  linking 
separate layers in the structure. This provides strong three dimensional links between the 
layers in addition to base stacking interactions.  
 
 
Figure 1.46. Three-dimensional packing in the molecular complex of uracil and melamine [91]. 
1.9.7 5-Fluorouracil 
 
5-Fluorouracil is the fluorinated derivative of uracil. This molecule has had a wide variety 
of research conducted in particular with regards to the anti-viral and anti-cancer properties 
that  it  possesses  [92,93].  In  1973,  Fallon  first  published  the  crystal  structure  of  5-
fluorouracil [94]. In 2005, a polymorph of this structure was published by Hulme et al 71 
[95]. Both polymorphs show assembly of 5-fluorouracil molecules into chains, however, 
the construction of these chains differs between the two. The first polymorph has more in 
common  with  the  crystal  structure  of  uracil  in  that  it  forms  sheets  of  5-fluorouracil 
molecules where base paired units are connected by single hydrogen bonds into layers 
(Figure 1.47). 
 
Figure 1.47. Sheets of 5-fluorouracil (left) packed into layers (right) in the crystal structure of 5-
fluorouracil form I [94]. 
The second polymorph shows chains of extended homo-base-pairing (Figure 1.48) [95]. 
The fluorine atoms form interactions between chains and this is key to the formation of the 
layers (Figure 1.49). 
 
Figure 1.48. Chains of 5-fluorouracil in the structure of 5-fluorouracil form II [95]. 
 
 
Figure 1.49. Fluorine interactions in the structure of 5-fluorouracil form II [95]. 72 
5-fluorouracil  has  also  been  co-crystallised  with  a  number  of  co-molecules.  In  1969  a 
molecular complex of 5-fluorouracil cytosine monohydrate was reported by Voet et al 
[67].  
 
Figure 1.50. Base paired chain in the molecular complex of cytosine and 5-fluorouracil monohydrate 
[67]. 
A chain of alternating homo-base-paired 5-fluorouracil and cytosine units is formed where 
the two units are connected by hetero-base-pairing between cytosine and 5-fluorouracil 
(Figure 1.50).  
 
Figure 1.51. Hydrogen bonding linking the chains in the molecular complex of cytosine and 5-
fluorouracil monohydrate [67]. 
Separate chains are linked together via single hydrogen bonds between a cytosine molecule 
and a 5-fluorouracil molecule. This results in the formation of a hydrogen bonded diamond 
(Figure 1.51). The layers are linked via base attacking interactions. 
 
 
Figure 1.52. Sheets of 5-fluorouracil and cytosine (left) and base stacking (right) in the molecular 
complex of cytosine and 5-fluorouracil monohydrate [67]. 73 
1.10. Classification of Base Pairs 
 
Base paired units can be classified by the type of hydrogen bonding motif displayed and 
also by the relative orientations of the two bases comprising the pair.  The classifications of 
the hydrogen bonded units referred to throughout this work are defined here.  A detailed 
discussion  of  the  hydrogen  bonding  motifs  adopted  by  cytosine  in  molecular  complex 
formation is given in Chapter 8. 
1.10.1 Pseudo-Watson-Crick Base Pair. 
One of the common bonding motifs seen in the CSD is the pseudo-Watson-Crick bonding 
motif [97]. This bonding motif is the equivalent of the cytosine and guanine base pair. It 
consists of three hydrogen bonds with the most common arrangement being two N-H···O 
hydrogen bonds) surrounding an N-H···N hydrogen bond (Figure 1.53).  
 
Figure 1.53.An example of a pseudo-Watson-Crick bonding motif [101]. 
This bonding motif has been regularly seen between two cytosine molecules in the CSD, 
however, this can only occur between two cytosine molecules if the structure contains a 
charged cytosine (gained a hydrogen to the normally non-protonated heteroatom in the 
ring) and a neutral cytosine. This bonding motif is restricted by the presence of a neutral 
cytosine molecule and a charged cytosine molecule being present in the structure for this 
structure to happen. This bonding motif has been widely seen before with much work done 
on it [98]. 74 
1.10.2.Pseudo-Hoogsteen Base Pairing 
 
These  three  bonding  motifs  are  equivalent  to  the  bonding  seen  between  adenine  and 
thymine with only two hydrogen bonds making up the base pair.  
1.10.2.1 Type A  
 
In a type A bonding motif the bonding between the two molecules involved consists of N-
H···N hydrogen bonds (Figure 1.54). 
 
Figure 1.54. An example of a typical type A bonding motif [99]. 
This bonding motif is not as common in the CSD as the pseudo-Watson-Crick. This may 
be due to the fact that this tends to form in neutral complexes and a large number of 
structures in the CSD contain hydrogen transfer. There is limited work that has been done 
on structures that contain this bonding motif [99]. 
1.10.2.2 Type B 
 
The most common out of all the hydrogen bonding motifs is the type B bonding motif. 
This  bonding  motif  also  consists  of  two  hydrogen  bonds  between  the  two  molecules, 
however, in this case is is formed by two O-H···O hydrogen bonds (Figure 1.55). 
 
Figure 1.55. An example of a typical type B bonding motif [100] 75 
This bonding motif can combine with any of the other bonding motifs (not possible with 
type C) to create extended chains. This bonding motif often acts as a linker between other 
base pair motifs, most predominantly the pseudo-Watson-Crick [100]. 
1.10.2.3. Type C 
 
This bonding motif is a cross between type A and type B using one of the faces from each 
to make up a bonding motif. This bonding motif is not very common in the CSD but 
appears in the structure of cytosine monohydrate [99].  
 
Figure 1.56. An example of an uncommon type C bonding motif [99]. 
This bonding motif uses one face commonly used in the type A bonding motif and one face 
used in the type B bonding motif. This bonding motif can be defined as being made up of 
two hydrogen bonds, one N-H···N and one O-H···O hydrogen bond.  
1.10.3. Hydrogen Bonded Hetero-pseudo-dimer 
 
When a ‘traditional’ base-pairing motif is not formed then a bonding motif made up of one 
base and one non-base will predominantly form. This bonding motif is formed commonly 
when there is hydrogen transfer. This bonding motif will normally involve the part of the 
molecule that has lost the hydrogen (the acid) and the part of the molecule that has gained 
the hydrogen in the base. There is no restriction on the type of hydrogen bonds making up 
this motif, however, the most commonly seen bonding motif has two O···H-N hydrogen 
bonds. 76 
 
Figure 1.57. An example of a typical hydrogen bonded heterodimer [100] 
The most common occurrence is the transfer of a hydrogen from a carboxylic acid group to 
the normally unprotonated nitrogen of the cytosine. This allows for the formation of a 
hydrogen bonded ring involving the carboxylate group and the amine group and the newly 
protonated nitrogen of the cytosine ring [100].  
1.10.4 No Primary Base Pairing Motif 
Some of these hydrogen bonding motifs are more common than others but the majority of 
the structures in the CSD contain at least one of the primary base pair hydrogen bonding 
motifs. However, there are some structures where no base pairing motif is found and only 
single hydrogen bonds involving the base occur [101]. 
1.11 Conformational parameters 
Much work has been carried out to analyse the different effects that the packing of a crystal 
structure and the basic build up can have on a base-paired motif. In 1987 Wilson [103] 
undertook work that analysed hits in the CSD. This work was done to see the range of 
effects that can be found in crystal structures containing nucleosides and nucleotides. The 
main parts of a base-pair that can be analysed are the hydrogen bond parameters, propeller 
twist, buckle and the C1’-C1’ separation. 
The propeller twist can be described as the angle between the planes of the two bases that 
are involved in the base-pairing motif when viewed along the axis that is connecting them. 
It can be seen as positive when the rear base has to be rotated clockwise for the bases to be 
flattened out. In helical structures the propeller twist is always positive but in nucleoside 
and nucleotide structures the sign will usually be seen an equal number of times between 
negative and positive. The buckle of a base-pair can only be seen once the propeller twist 
has been flattened. This is the dihedral angle between the two planes along the short axis. 
The C1’-C1’ is the separation of the C1’ of one base to the C1’ on the other base material. 
Finally, the hydrogen bonded base-pair can be of several types and depends on the base 77 
materials that are involved (Watson-Crick, Hoogsten etc.) and the angles and lengths can 
be analysed.  
The work carried out here showed that the variation of the propeller twist did not depend 
on the other parameters stated. This seemed a remarkable result mainly that the strength of 
the hydrogen bonds in the base-pair has no effect on the magnitude of the propeller twist. 
In the results it was seen that the propeller twist could vary from 0.8
o to 49.1
o. These 
results agreed with previous work carried out by Wilson and Tollin [102] that nucleoside 
base-pairs  have  a  natural  propeller  twist  that  can  be  large  even  in  the  absence  of  the 
standard DNA structure and in varying crystal structure packing. However, the average 
value for the propeller twist in this study was found to be 14.7
o. The purine bases have a 
larger twist (on average 15.7
o) when compared to those seen in pyrimidine bases (12.1
o). 
The normal range of  a  propeller twist can be seen to be from 10
o to  20
o. The largest 
propeller  twist  is  from  adenine  structures  with  the  smallest  twist  relating  to  cytosine 
structures. However, there is no similar trend seen in the buckle of C1’-C1’ separation. 
There was further work conducted in 1990 by Wilson [104] on the effect of exocyclic 
substituents on the base-pair propeller twist. This work reinforced the idea that the base 
pairs  are  normally  non-planar  units.  With  the  analysis  it  has  been  seen  the  naturally 
adopted conformation could possibly be the non-planar axes with the twisting once again 
occurring about their long axis. This questions the common assumption that isolated base-
pairs  are  normally  co-planar  and  that  the  twisting  is  a  reaction  to  the  base  stacking 
interactions that are present in the structure. This work also put forward the idea that the 
twisting was smaller in structures that contain only bases may be related to the planarity of 
the group stacking present when compared to the twist seen in oligonucleotides.  
In 1987 Hobza and Sandorfy [105] conducted nonempirical calculations on all 29 possible 
base pairs. The work carried out here showed that there was good agreement between the 
experimental gas-phase enthalpies and theoretical enthalpies at 300K has been obtained for 
GC, CC, AT and TT pairs. The GC pair, with three hydrogen bonds present between the 
two molecules is the most stable. However, as seen the stability is also related to the base 
stacking interactions and not reliant on the presence of the three hydrogen bonds. The GG 
pair, even with only 2 hydrogen bonds, is comparably stable. The molecules that make up 
the pair, even if the bonding motif is the same as another, will have a great effect on the 
stability. This means that neither the number nor the linearity  of the bonding motif is 
primarily responsible for the stability of the base pair. This work also showed that the 
stability cannot only take into account the atoms making up the bonding motif but the 
whole molecule must be analysed. 78 
This work also concluded that the hetero base pairs are more stable than the homo base 
pairs with complementary base pairs and that homo base pairs are more stable than hetero 
base pairs when there is non-complementary base pairing.  
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Chapter 2 – Techniques 
 
2.1 Introduction to Crystallography 
 
Crystallography is the science of crystals. It has to do with the external shape, the internal 
structure, the growth and the physical properties of crystals. When crystallography was 
first introduced it was purely descriptive and was considered a branch of mineralogy.  It 
was later discovered that the crystalline state is not confined to mineral salts alone and it is 
actually  a  very  common  state  of  matter.    It  was  not  however,  until  the  middle  of  the 
nineteenth century that crystallography had become a science in its own right. 
For a long time it was thought that the external appearance of crystals reflected some 
regular internal ordering of matter.  The first references to this can be found in work by 
Johannes  Kepler,  Robert  Hooke  and  Christian  Huyghens  [106-108].  Huyghens’  work 
involving  the  birefringence  of  calcite  suggested  that  its  optical  properties  could  be 
explained by the rules governing the internal arrangement within the crystal [108]. 
In  1669,  the  first  quantitative  law  of  crystallography  (the  law  of  constant  angles)  was 
determined by Nils Steensen from the measurement of the angles between the faces of a 
quartz crystal [109]. It was not until 1772 that the law was formally expressed by Jean 
Baptiste Rome de I’Isle in his ‘Essai de Cristallographie’ [110]. 
The second law, the law of rational indices or simple truncations, was first stated in 1774 
by the Abbe Rene-Just Hauy [111].  It had been noticed that when a crystal of calcite was 
cleaved, the pieces that were obtained had shapes identical to that of the original piece.  
The  assumption  was  made  that  the  crystals  were  made  up  of  identical  parallelepipeds 
which he called ‘molecules integrantes’.  This led to the understanding that the position in 
space of each face of a crystal could be described by three numbers.  These ideas were later 
refined  by  W.H.  Miller,  who  introduced  the  method  of  analytical  geometry  into 
crystallography and who proposed the notation system, “Miller indices”, which is still in 
use [112]. 
The contribution made by Auguste Bravais to crystallography is of massive importance to 
this area.  In 1849 in his work ‘The Lattice Structure of Crystals’, he stated the following 
postulate: 
“Given any point P in a crystal, there exists an infinite number of discrete points, unlimited 
in the three directions of space, around each of which the arrangement of matter is the 
same as it is around the point P.” 80 
   
 
Figure 2.1. Left, the unit cell and right, the combination of many unit cells to produce the full three-
dimensional crystal. 
A crystal structure is a unique arrangement of atoms in a crystalline liquid or solid.  A set 
of atoms are arranged in a particular way on a lattice exhibiting long-range order and 
symmetry.  The crystal structure contains a small repeating unit that through symmetry, 
reproduces the entire crystal from this small repeating unit and that contains all of the 
structural information unique to the crystal.  The points can be thought of as  forming 
identical tiny boxes that are referred to as the unit cells (Figure 2.1, left).  These fill the 
space of the lattice.  The lengths of the edges of the unit cells (a, b and c) and the angles 
between them (α, β and γ) are called the lattice parameters.  The unit cell is the smallest 
unit of volume that contains all of the structural and symmetry information of the crystal 
and that by translation can reproduce a pattern in all space (Figure 2.1, right).  If the unit 
cell contains no symmetry then there are no restrictions on the axes and angles of the unit 
cell in the crystal.  If there is symmetry within the unit cell, there are some restrictions on 
the angles and axes.  There are seven crystal systems that a crystal can belong to (Figure 
2.2) and these take into account all of the possible symmetry.  81 
 
Figure 2.2. The seven crystal systems and the fourteen Bravais lattices. [175] 
Further  to  this,  it  is  possible  to  define  lattice  types,  called  Bravais  lattices,  which  are 
related to the internal structure of the aforementioned unit cell.  A primitive unit cell has 
only one lattice point and all crystals can be described by a primitive lattice.  However, in 
some cases, other non-translational symmetry can be present and it can be beneficial to 
define a unit cell with more than just one lattice point associated with it, centred lattices: 
1.  C-centred - contains an extra lattice point in the centre of the C-face (or equivalent 
A or B-Centred lattices); 
2.  I, body-centred - an extra lattice point is located in the centre of the unit cell; 
3.  F, face-centred - an extra lattice point is located in all faces of the unit cell. 
This results in a total of 14 Bravais lattices (Figure 2.2).  82 
There can also be additional symmetry present within the unit cell itself.  The symmetry 
within the unit cell includes inversion, rotation, reflection or combinations of these with 
translation,  called  glide  planes  (reflection  and  translation),  or  screw  axes  (rotation  and 
translation).    The  smallest  motif  which  when  acted  on  by  a  symmetry  operation(s) 
produces the unit cell of the structure is known as the asymmetric unit.  When this is 
combined with the lattice type, it provides the full description of the crystal. There are 32-
point groups that are produced by the combination of all inversion, rotation and reflection 
elements  together  with  the  14  Bravais  lattices.    These,  combined  with  the  elements 
including translation, leads to the production of 230 possible space groups, which define 
every possible crystal structure. 
2.2 Diffraction and Structure Solution 
 
2.2.1 X-ray Scattering 
 
A crystalline solid is made up of an infinite number of molecules arranged in a regularly 
repeating pattern, generating a diffraction grating. In X-ray crystallography, X-ray waves 
interact with matter through the electrons, commonly referred to as Thomson scattering, 
contained in atoms.  When the X-rays reach the electron it becomes a secondary source of 
electromagnetic radiation that scatters the incident radiation.  The waves that are produced 
from the scattering from electrons can combine constructively or destructively to produce a 
scattering pattern called a diffraction pattern.  The waves combine constructively if the 
waves  are  in  phase  and  thus  add  together  to  produce  a  stronger  peak  and  interact 
destructively if the waves are out of phase with one another and they subtract from each 
other to some degree as shown in Figure 2.3. 
 
 
Figure 2.3. Constructive interference (left) and destructive interference (right). 
The X-rays are diffracted as they pass through a diffraction grating or the lattices of a 
crystalline sample.  These waves are then collected by a detector to produce a diffraction 
pattern  that  is  seen  as  the  output  from  a  program  used  to  visualise  the  experimental 
measurement (Figure 2.4). 83 
 
Figure 2.4. A typical diffraction pattern. 
The angular spacings of the features in the diffraction pattern are inversely proportional to 
the dimensions of the object causing the diffraction.  This means that the smaller the object 
causing  the  diffraction  the  wider  the  spacing  of  the  peaks  in  the  resulting  diffraction 
pattern. 
2.2.2 Diffraction 
 
The atoms in a crystal diffract X-rays and produce a series of spots, with the positions and 
intensities being determined by the crystal contents and symmetry.  The spots formed are 
from the constructive and destructive interference (Section 2.2.1) of the X-rays with each 
other,  forming  a  three-dimensional  reciprocal  space  pattern  through  which  two-
dimensional slices are  measured using area detectors in a diffraction experiment.  The 
reciprocal lattice represented in reciprocal space is governed by vectors a*,b* and c* (of 
dimension a*, b* and c*): 
V c b a / ) ( * ´ =   V a c b / ) ( * ´ =   V b a c / ) ( * ´ =   (1) 
where a, b and c are the unit cell vectors in real space and V is the volume of the unit cell. 84 
2.2.3 Bragg’s Law 
 
Bragg’s law was derived by physicist Sir William Lawrence Bragg in 1912 [113].  This 
law  helped  to  confirm  the  existence  of  particles  at  the  atomic  scale  and  provided  a 
powerful new tool for studying crystals in the form of X-ray and neutron diffraction. 
 
Figure 2.5. A graphical representation of Bragg’s Law. 
Since  the  quantification  of  Bragg’s  Law,  which  made  practical  crystallography  a 
possibility, scattering techniques have been used to provide valuable information on the 
spatial arrangements of a wide range of materials from minerals and inorganic compounds, 
to molecules and macromolecules.  Bragg’s Law can be used to define the diffracted beam 
geometry: 
q l sin 2d n =    (2) 
where d = the distance between crystallographic planes, λ = wavelength, q = scattering 
angle, n= diffraction order (Figure 2.5).  
Bragg’s Law results from the fact that the X-rays reflected by a stack of planes will only 
interfere constructively when the above equation is met. d can be calculated for all the 
measured stacks of planes in the crystal.  
2.2.4 Miller Indices 
 
Bragg’s  law  is  a  special  case  of  the  Laue  equations,  which  define  the  condition  for 
diffraction to occur: 
a.S=h; b.S=k; c.S=l    (3) 
 
In these equations a, b and c are the vectors that define the unit cell of the crystal and S is 
the vector path difference of the incident and reflected rays for the hkl plane and is called 
the scattering vector.  h, k, and l are the so-called Miller indices defining a unique plane of 85 
reflection or diffraction spot.  The planes are normally described in terms of their Miller 
Indices, which correspond to the intercept of the plane with the axes by (a/h, b/k, c/l). 
Thus, for example, the (100) plane lies parallel to the bc face of the unit cell. 
2.2.5 Reciprocal Lattice 
 
Using Bragg’s law, the orientation of the crystal in a diffracting position can be readily 
defined  by  the  direction  of  the  normal  to  the  appropriate  set  of  lattice  points.    Each 
diffraction spot is defined by two quantities, a magnitude and a direction. The magnitude 
and the direction combined forms a vector allowing each spot on a diffraction pattern to be 
intrinsically linked uniquely to a vector.  The magnitude of the vector is proportional to 
dhkl.  Bragg’s law shows that the diffraction angle is directly related to dhkl: The equation 
below is true when n=1. 
sinq =(λ/2)(1/ dhkl)  (4) 
The overall result of this is a set of vectors, one representing each reflection that is present 
in  the  diffraction  pattern,  whose  end  points  define  a  lattice  with  dimensions  inversely 
related to the dimensions of the crystal. 
2.2.6 Structure Factor 
 
The structure factor of a crystal is a mathematical description of how the crystal scatters 
incident radiation.  The structure factor is a particularly useful tool in the interpretation of 
interference patterns obtained in X-ray, electron and neutron diffraction experiments. The 
intensity measured for a given reflection with Miller indices hkl is proportional to |F(hkl)|
2 
where 
∑
=
+ + =
N
j
j j j j lz ky hx i f hkl F
1
)] ( 2 exp[ ) ( p   (5) 
fj = the atomic scattering factor for X-rays for the jth atom with coordinates (xj, yj, zj) 
expressed  as  fractions  of  the  cell  a,  b,  c.    This  is  the  structure  factor  equation  in  the 
absence of thermal motion or disorder.   
The atomic scattering factor represents the scattering of each atom that is present in the 
unit cell.  The strength of the scattering of individual atoms is related to the atomic number 
(Z).  An  increase  in  the  Z  value  results  in  an  increase  in  the  scattering  strength.    The 
measured scattering intensity of X-rays in a diffraction experiment is proportional to Z
2.  
With the increase of atomic number the difficulty of identifying the presence of lighter 86 
atoms becomes increasingly difficult in the presence of heavier atoms as the scattering of 
the heavy atoms dominates the scattering of the lighter atoms. 
The  atomic  scattering  factor  is  modified  in  practice  by  several  effects.  X-ray  photons 
interact with the electron cloud of an atom, however, these electron clouds are not points in 
space  like  the  nucleus  of  an  atom.    These  clouds  possess  a  finite  size  of  the  same 
magnitude as the X-ray wavelength.  The electrons are spread in space and consequently 
not all parts of the object are scattering in phase; the resulting destructive interference 
increases as the scattering angle increases and the scattering amplitude varies with 2θ.  The 
atomic scattering factor (ratio of the amplitude scattered by an atom to that scattered by a 
single electron) thus falls off with (sin θ)/λ.  A consequence of this is that the Bragg peaks 
at higher angles will generally exhibit a lower intensity compared to those seen at lower 
angles. A similar explanation is relevant to the effect of atomic thermal motion (see below) 
A number of corrections have to be made to the structure factor for a standard experiment 
including corrections for thermal motion and scattering angle fall-off. For a structure with 
N  atoms,  each  with  atomic  scattering  amplitudes  fi and  position  ri in  the  unit  cell,  the 
structure factor for the Bragg reflections of index hkl is 
∑
=
+ + =
N
j
j j j j j lz ky hx i T f hkl F
1
)] ( 2 exp[ ) ( ) ( p q   (6) 
T = temperature factor of the jth atom 
The  important  information  here  lies  in  the  scattering  amplitudes  fj(θ)  and  in  the 
temperature parameters Tj.  As discussed above, the scattering factors fj(θ) are strongly 
dependent on the scattering angle. At a scattering angle of 0
o, fj is proportional to Z, which 
is  the  atomic  number  of  the  scattering  atom.  As  the  scattering  angle  increases,  the 
scattering factor fj(θ) decreases. Thermal motion causes the scattering to fall off even more 
strongly, as it effectively increases the dimension of the scattering object, exacerbating the 
destructive interference effect. These factors combine to limit the resolution available in an 
experiment and make it difficult to determine the positions of light atoms accurately in the 
presence of heavy ones or to distinguish among heavy atoms that have similar atomic 
numbers. To help mitigate this by reducing the effect of thermal motion, single crystal 
diffraction  experiments  on  molecular  materials  are  frequently  undertaken  at  low 
temperature unless there is a reason not to do so; most structures reported in this work have 
been collected at 100 K. 
The application of a Fourier transform on an X-ray diffraction pattern makes it possible to 
determine the crystal structure of a system by transforming the diffraction pattern into an 87 
electron density map.  As the X-rays are scattered by the electrons it is actually the electron 
density of the crystal structure that is obtained from this process.  The electron density for 
the unit cell can be expressed in terms of structure factors as:  
∑ + + - =
hkl
lz ky hx i hkl F
V
xyz ) ( 2 exp[ ) (
1
) ( p r ]  (7) 
2.2.7. Structure Solution 
 
2.2.7.1 The Phase Problem 
 
Waves diffract from a primitive lattice of simple scatterers obeying Bragg’s Law and this 
allows the determination of interplanar distances and thus the recovery of a description of 
the crystal lattice.  However, the diffracted radiation suffers a phase shift arising from the 
spatial distribution of individual scatters.  The amplitudes of the resulting structure factors 
are directly derivable from the experimentally measured intensities of the diffracted beams, 
but the phases are not.  Without knowledge of the phases, it is not possible to reconstruct 
the individual atomic positions (with reference to the equation for the scattering density 
given above, this reflects the fact that F(hkl) has both amplitude |F(hkl)| which can be 
measured, and a phase, Φ(hkl), which cannot).  Estimating the phases is an essential step in 
successful structure determination.  This is known as the crystallographic phase problem. 
2.2.7.2 Direct Methods for Structure Determination 
 
This  is  the  most  widely  used  method  for  solving  the  phase  problem  in  single  crystal 
diffraction.    It  uses  statistical  relations  between  diffracted  intensities  to  derive  phase 
information.  The pioneers of this were Karle and Hauptmann (Nobel laureates in 1985) 
[9].    The  method  depends  on  probabilistic  relationships  between  phases  for  particular 
combinations of reflections.  A typical triplet phase relationship in direct methods states 
that  
Φ(h1,k1,l1) + Φ(h2,k2,l2) + Φ(h3,k3,l3) » 0 when h1,k1,l1 + h2,k2,l2 + h3,k3,l3 = 0  (8) 
Where hn,kn,ln= hkl reflection, and Φ are the phases. 
This relation is more likely to be true for sets of stronger reflections.  By establishing a 
large number of such triplets, and other related phase relationships, sets of approximate 
phases can be postulated, which can lead to successful structure solution. The success rate 
of these techniques is well over 90% for small/medium sized organic molecules. 88 
2.2.7.3 Patterson Methods 
 
This method produces peaks that correspond to vectors between pairs of atoms and the 
heavier  the  atoms  are  the  larger  the  peaks  will  be.    This  helps  to  create  a  phase-less 
Patterson synthesis, based on the intensities of the reflections.  The Patterson map contains 
peaks that are present at the distance vectors between the atoms present in the structure.  
The peak heights produced are proportional to the product of the number of electrons (Z) 
of the atoms located at the ends of the vector and the number of peaks are defined by 
P=N
2-N. P will become large very quickly and for the ease of interpretation Patterson 
methods  are  most  effective  when  only  a  few  heavier  atoms  are  present;  in  chemical 
crystallography this relies on the molecular formula being appropriate, while for biological 
structures a heavy atom derivative can often be produced – only a few heavy atoms are 
required in the derivative.  This method is very useful for solving structures that contain a 
small  number  of  heavy  atoms  when  the  vectors  relating  these  can  be  identified  and 
analysed easily. 
2.2.8 Difference Fourier Synthesis 
The structural model obtained through structure solution may not be complete. Difference 
Fourier maps are used to show the electron density that has not been accounted for in the 
model. This is especially useful when searching for hydrogen atoms which appear as peaks 
in the Fourier difference maps of high resolution data. This can also highlight mis-assigned 
atoms or even atoms that are not modelled well. This process works by taking the structure 
factors calculated from the model away from those measured and using the differences 
with the phases calculated from the model, to produce an electron density map showing the 
unaccounted-for electron density.  
∑ F + + + - - = D
hkl
c
hkl
c
hkl
o
hkl lz ky hx i F F xyz ) ( 2 exp( ) ( ) ( p r )    (9) 
There will be background noise in the difference map arising from Fourier termination 
errors, thermal disorder and electron density which is not taken into account in the atomic 
model, which includes bond density and lone pairs. These errors can be minimised by 
collecting data to as high a resolution as possible.  
There will be some smearing present in the electron density map and the extent of this is 
determined  by  the  thermal  motion  of  atoms  as  they  oscillate  around  their  equilibrium 
positions. The structure is refined using simple ellipsoid models for these displacements, 
which in this way are allowed to be anisotropic, which gives a more accurate model of the 89 
atomic motions in the crystal structure. This way of refinement does not take into account 
features  including  anharmonic  thermal  vibrations,  non-spherical  atoms  and  bonding 
density. The latter means that unaccounted density peaks normally arise between atoms 
especially in high resolution data sets when examining the difference Fourier maps. 
2.2.9 Structure Refinement 
 
Once a basic model, framework or fragment has been found using one of the solution 
methods  available  a  combination  of  Fourier  recycling  and  refinement  is  required  to 
complete the model and finalise the determined structure.  
 
For Fourier recycling, initially a Fourier map (electron density) is constructed using the 
calculated  phases  from  the  initial  model  from  the  structure  solution,  along  with  the 
measured  reflection  intensities.  This  Fourier  map  should  reveal  more  structural 
information, including missing atoms, etc.  The  model of the structure is thus improved 
and this in turn improves the phases that are used for the next Fourier calculation, creating 
a cycle that if repeated will lead to a completed structure (usually meaning at this stage that 
all non-hydrogen atoms are included in the model). This Fourier recycling is an iterative 
process.    Once  the  refinement  process  is  in  progress  (see  below),  further  Fourier  map 
calculations are used to locate, if possible, the hydrogen atom positions and also as a check 
in the quality of the overall refinement. 
 
Refinement is the method used for improving the description of the crystal structure once 
the approximate atomic positions are determined.  In crystallography, this uses the method 
of least squares refinement, which involves varying the parameters in the model until the 
calculated structure factors from the refined model are in best agreement with the observed 
structure factor magnitudes.  The parameters that are commonly varied are the positions (x, 
y, z) and thermal parameters (Uij) of each of the atoms along with some overall parameters 
including the scale factor, absorption coefficient and some others.  In the early stages of 
the refinement the non-hydrogen atoms are usually refined with an isotropic thermal factor 
(single  parameter,  assuming  symmetrical  vibration  of  the  atom)  but  as  the  refinement 
proceeds these atoms can be refined anisotropically, with up to six thermal parameters Uij, 
defining an ellipsoid reflecting the atomic motion,. Hydrogen atom thermal parameters 
usually have to be treated more cautiously, as isotropic, or sometimes tied to the values of 
the parent atom to which the hydrogen is bonded.  90 
 
Least-squares  refinement  is  the  most  common  method  used  for  the  determination  of 
inorganic and small-molecule structures. This minimises the function: 
 
  (10) 
 
where  Yo  represents  the  observed  structure  factor,  Yc  is  the  value  calculated  from  the 
structural  model,  and  w  is  an  assigned  weight.  The  weights  will  usually  represent  an 
estimate of the precision of the measured quantity. The sum is taken over all the measured 
reflections.  For a pair of values of X and Y for measurements which are related by the 
equation Y=mX+b a unique answer for the constants m and b can be obtained. In real 
problems such as a crystal structure determination, the error of the fit in the ith observation 
is  ei=moXi+bo-Yi, where m0 and b0 are the best fit parameters.  The principle of least 
squares states that the best-fit parameters are those that minimise the sum of the squares of 
the errors: 
 
     (i=2,…,N)  (11) 
 
In crystal structure least squares refinement, there are always more observations than there 
are unknown quantities; the system is said to be overdetermined and this minimisation can 
be carried out.  This is done in refinement programmes such as SHELXL [176]; in this 
work SHELXL was used as implemented in the WinGX program suite. 
 
In addition to producing the best model parameters, the least squares refinement procedure 
will allow an estimate of the precision of the determined parameters.  These are quoted as 
“standard  uncertainties”.    For  example  a  fractional  coordinate  of  0.3452  might  have  a 
standard  uncertainty  of  0.0003,  and  this  is  expressed  as  0.3452(3).    Important  derived 
geometrical parameters such as bond lengths can also be assigned a standard uncertainty 
reflecting their precision. 
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The number of parameters in a refinement is large, even for small molecules, and the 
overall quality of a refinement is evaluated by a series of residuals or “R-factors”.  Two of 
these are most commonly used, R and wR2, defined as follows. 
 
    (12)
 
Typical values of R of under 0.05 (5%) are normally anticipated in good quality small 
molecule structure determinations.  
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The weighted R-factor incorporates weighting factors for the reflections based on the s(F
2) 
values. 
A  final  check  on  the  data  refinement  uses  the  goodness  of  fit  (S),  which  shows  how 
reliable the standard deviations of the positional and displacement parameters of the atoms 
are. This quantity is strongly influenced by the weighting scheme. The weighting scheme 
will be modified to force the S value to as close to 1.0 as possible. For a refinement on F
2 
the S has the form: 
S = [∑[w(Fo
2 – Fc
2)
2]/(n-p)]
1/2   (14)
 
where n is the number of measured data and p the number of refined parameters. 
 
2.3 Techniques and Instrumentation 
 
X-ray diffraction techniques have become a big part of chemistry research and indeed the 
chemical industry, as they provide a way of determining a solid-state crystal structure with 
very good precision and high levels of reliability [114,115].  There are several different 
techniques that  can be  used, but the most commonly used techniques  for the study of 
molecular structures are single crystal X-ray diffraction and powder X-ray diffraction. 92 
2.3.1 Single Crystal X-ray Diffraction 
 
One advantage to this type of technique is that it is non-destructive.  If the crystals are not 
destroyed by air and moisture then they can be recovered.  This means that extra studies 
can be carried out using the one crystal.  X-ray diffraction can give vital information about 
the internal lattice of crystalline substances, including unit cell dimensions, and about the 
molecular structure, including bond lengths, bond angles, and details of site-ordering. 
X-ray diffractometers (Figure 2.6) consist of three distinct parts: an X-ray tube, a sample 
holder and an X-ray detector.  The X-rays are generated in a cathode ray tube by heating a 
filament to produce electrons, accelerating the electrons towards a target by applying a 
voltage, and the impact of the electrons with the target material produces characteristic X-
ray spectra that are used for the diffraction experiment. 
 
Figure 2.6. Two types of single crystal X-ray diffractometers used in this work.  Left, a Bruker Apex II 
CCD diffractometer and right, a Rigaku R-axis/RAPID image plate diffractometer. 
2.3.1.1 Selection of a Single Crystal 
 
Selection of the best possible crystal is paramount to obtaining a good quality data set.  
The size of the crystal has an effect on the data collection.  Small crystals in general result 
in only weak diffraction spots.  The larger the crystal selected, the greater the scattering 
intensity will be, however, with increased volume there is also greater absorbance of X-
rays by the crystalline material. 
Once a good crystal has been found it is mounted onto a glass fibre fixed to a goniometer 
(Figure 2.7).  This goniometer with the crystal is then placed onto the diffractometer and is 
centred in the X-ray beam. Since the crystal and the beam can both be very small it is 
important that the crystal is centred before any study takes place.  The centring of the 
crystal will help to ensure that it remains in the centre of the beam throughout the data 
collection. 93 
 
Figure 2.7. Goniometer on which a crystal is mounted and which allows centring of the crystal in the 
X-ray beam. 
 
2.3.1.2 Data Collection 
 
The  first  step  in  data  collection  is  to  determine  the  unit  cell  of  the  sample  being 
investigated.  This allows an initial estimation of the symmetry and the space group of the 
crystal to be made.  The advantage of carrying this out is that the process is very quick and 
a  crystal  suitable  for  full  data  set  collection  can  be  found  whilst  others  that  are,  for 
example, known starting materials or previously determined products, can be eliminated.  
These initial runs consist of short scans with the length of exposure being adjusted so that 
the exposure is increased for weakly diffracting crystals.  This part of the process is crucial 
as the selection of a crystal system with too high symmetry, if wrong, can result in a data 
collection  strategy  that  does  not  collect  all  the  necessary  reflections.    If  there  are  any 
doubts about the crystal system, selecting a triclinic data collection will ensure a complete 
dataset is obtained.  A data collection strategy is calculated to find the most efficient way 
to collect a complete dataset.  A full data collection can take anything from a few hours to 
several days to collect depending on the crystal system and the strength of scattering from 
the crystal. 
Upon completion of the data collection, hopefully, all the necessary reflections have been 
collected.  Each of the reflections collected have a set of Miller indices, an intensity, and 
an estimation of how precise the measurement of intensity is.  Corrections are applied to 
the data during data reduction such as an absorption correction.   
The  reflection  positions  and  intensities  are  processed  using  the  software  related  to  the 
specific diffractometer used.  During the course of the research three diffractometers were 
used and these are summarised in Table 1.1, The processed data are then transferred to 
programs such as WinGX [116] or CRYSTALS [117] for structure solution, refinement 
and visualisation.  WinGX has been used for the structure determinations reported in this 
thesis. 94 
Table 2.1 Diffractometers used and associated software used 
Diffractometers Used  Software used to process the data 
Bruker APEX-II CCD  Bruker APEX2 (2009) [118] 
Rigaku  R-AXIS/RAPID  Image 
Plate  
CrystalClear 1.4.0 (Rigaku, 2008) [119] 
Bruker Nonius Kappa CCD  Collect (Bruker AXS BV, 1997-2004) [119] 
HKL Scalepack (Otwinowski & Minor 1997) [120] 
HKL Denzo and Scalepack (Otwinowski & Minor 
1997) [120] 
2.3.2 Powder X-ray Diffraction 
 
Powder X-ray diffraction is valuable both in combination with single crystal diffraction 
and  also  as  a  stand  alone  technique.  Powder  diffractometers  can  be  used  to  gain 
information  about  the  composition  of  bulk  materials  for  example  if  there  are  multiple 
phases, and to determine if a crystal that has been studied via single crystal diffraction is 
representative of the bulk of the sample. Information about unit cell size and symmetry and 
in some cases full 3-dimensional structural information comparable to that obtained from 
single crystal methods can be obtained. Powder diffraction can also be used conveniently 
on samples under the influence of external factors such as temperature, pressure or applied 
magnetic field, under laser illumination of a sample, and even as a function of time or 
chemical environment during the synthesis of materials, giving very valuable kinetic and 
mechanistic insight into their formation. 
Like  single  crystal  diffraction,  the  peak  positions  are  governed  by  the  size,  shape  and 
symmetry of the unit cell.  The intensities of the peaks are determined by the arrangement 
of scattering density (atomic coordinates) within the unit cell.  The shape of the peaks 
includes  the  convolution  of  instrument  parameters  (source,  optics  and  detector 
contributions)  and  information  about  the  microstructure  (domain  size,  strain)  of  the 
sample. 
 
2.3.2.1 Experimental Procedure 
 
There are two common types of powder diffractometer geometries: flat-plate where the X-
ray beam is reflected from the sample; and capillary where the X-ray beam is transmitted 
through the sample.  In both methods, a detector is used to scan through the scattering 
angle (2θ).  A powder diffraction sample contains a very large number of small single 
crystals  (crystallites)  in  random  orientations,  and  the  diffraction  pattern  obtained  is 
therefore a compression of a three-dimensional diffraction pattern into a spatially averaged 95 
one-dimensional diffraction pattern. Preferred orientation can occur when a sample is in a 
capillary or a flat plate and the orientation of each individual microcrystal is preferential in 
some  directions.    The  effect  on  the  diffraction  pattern  is  to  superficially  enhance  the 
intensities of the Bragg peaks of some reflections and decrease others. This arises due to a 
greater tendency for the crystallites in the powder sample to be orientated more frequently 
in one specific way, or one set of ways, rather than all of the others. For example if the 
crystal form is that of needles, they will tend to align in one direction along a capillary. 
This  can  arise  if  the  powder  sample  has  not  been  sufficiently  ground.  A  method  of 
reducing this effect is to spin the capillary or by use of the flat-plate. On the other hand, for 
crystals  with  a  very  plate-like  morphology,  often  flat-plate  geometry  can  results  in 
problems with preferred orientation, so care has to be taken. 
2.3.2.2 Phase Identification 
 
There can be several phases present in a bulk sample being analysed. Each phase gives rise 
to  a  characteristic  set  of  peaks  in  a  powder  diffraction  pattern  (a  fingerprint).  These 
patterns can be compared to a database of known diffraction patterns or compared against 
patterns calculated from single-crystal diffraction studies. Many single crystal refinement 
packages or related programs contain an option to calculate a powder pattern from either a 
refined structural model or directly from patterns calculated from the atomic coordinates 
available from single-crystal diffraction studies. There are many examples where the few 
single crystals produced in a synthesis are due to minor products from side reactions or 
impurities.  The  presence  of  crystalline  co-products  can  be  readily  identified.  Powder 
diffraction is a fast technique that can shed considerable light on otherwise conflicting 
pieces of analytical data. 
2.3.2.3 Quantitative Analysis 
 
Powder diffraction can be used to obtain quantitative information about the composition of 
a multiphase sample from powder diffraction data. Many techniques have been developed 
based on the analysis of intensities of individual peaks due to different phases contributing 
to the pattern, on whole pattern intensity analysis, or on multiphase Rietveld refinement. 
One such program is PolySNAP which uses cluster analysis to quantitatively analyse the 
compositions of multiple samples [121]. 
Extreme care must be taken when determining and interpreting quantitative composition. 
The  end  results  can  be  severely  influenced  by  methods  of  sample  preparation,  data 96 
collection and analysis. The calibration of the equipment used must be carefully carried out 
before the experiment. It is possible to estimate the quantity of amorphous material in a 
sample by powder diffraction by the careful quantitative dilution of a powdered sample 
with an additional crystalline phase. 
2.3.2.4 Intensity Information 
 
The  intensities  of  the  peaks  in  a  powder  diffraction  pattern  contain  information  about 
atomic coordinates and displacement parameters, just as in a single-crystal experiment. In 
the early days, structural work using powder diffraction data analysed extracted intensities 
and  refinement  methods  essentially  identical  to  those  used  in  single  crystal  work. 
Nowadays it is more common to employ whole-pattern fitting methods to extract structural 
information – principally the Rietveld method [122].  
2.4 Crystallisation 
 
There are many different types of methods that can be used for crystallisation attempts.  
The  main  ones  are  slow  evaporation  [123],  slow  cooling,  vapour  diffusion  [124]  and 
solvent diffusion [125].  The method used depends on the properties of the components, 
and the size of the single crystals that may be required (Figure 2.8).   
 
Figure 2.8. Typical single crystals used for diffraction; these are of insulin. 
2.5.1 Crystallisation by Slow Evaporation 
 
A small quantity (few mg) of the sample is placed into a sample vial and solvent is added 
to fully dissolve the contents of the vial.  A plastic clip on lid is placed over the top of the 
vial and a few holes made in this to allow the sample to evaporate slowly and hopefully, 
allow crystals to form (Figure 2.9). The temperature can be controlled at both elevated 
(using  a  hot  plate)  and  reduced  (using  a  cold  room)  temperatures.    The  hot  plate 
temperature can be varied depending on the solvent being used.   97 
 
Figure 2.9. Schematic of slow evaporation crystallisation. 
 
2.5.2 Solvent Diffusion 
 
Solvent diffusion is another technique that can be used to grow crystals.  This technique 
involves dissolving the sample in a solvent in which it is readily soluble (good solvent).  
Another solvent is then added to this sample vial in which the sample will not be readily 
soluble (poor solvent). The two solvents used must be co-miscible.  The poor solvent is 
added using a syringe and is added slowly.  This helps to make sure that there are two 
layers present.  If the poor solvent is denser than the good solvent it is added to the bottom 
of the sample vial and if the poor solvent is less dense it is added to the top of the sample 
vial.  These two layers then mix slowly and the crystals hopefully grow at the interface.  If 
necessary, the vial can be cooled to slow the diffusion rate and to reduce solubility.  Figure 
2.10 shows the procedure with the yellow solvent being the good solvent, the blue solvent 
being the poor solvent and the green area being the interface. 
 
Figure 2.10. Schematic of solvent diffusion crystallisation. 
2.5.3 Vapour Diffusion 
 
The technique can also be known as isothermal distillation. The setup is as shown in Figure 
2.11. 
 
Figure 2.11. Schematic of vapour diffusion crystallisation. 98 
The yellow solvent is the good solvent and the blue solvent is the poor solvent.  The good 
solvent in which the material is dissolved is placed into a sample vial.  This sample vial is 
then placed into a bigger vial containing the desired poor solvent.  The larger vial is then 
covered.  The poor solvent diffuses through the vapour phase into a solution of the target 
compound in the good solvent and thus reduces the solubility.  The main reason to use this 
technique is that it has slow rate of diffusion, has high controllability and is very adaptable.   
2.5.4 Variable Temperature Parallel Crystallisation –The Microvate 
 
This  piece  of  equipment  can  be  used  to  carefully  control  the  temperature  of  the 
crystallisations,  and  allow  many  crystallisations  to  be  set  up  simultaneously.    The 
Microvate has 48 wells, arranged in rows of four (Figure 2.12), with each of the 12 rows of 
four able to be independently temperature-controlled.  The Microvate can be used to heat 
samples up to a maximum of 165°C at a controlled rate.  Samples are normally held at a 
fixed temperature for a period of time and then cooled down at a slow rate to try and 
induce crystals to form. 
 
 
Figure 2.12. The Microvate parallel crystalliser. 99 
2.6 Differential Scanning Calorimetry 
 
Differential  Scanning  Calorimetry  or  DSC  has  primarily  been  used  in  this  thesis  to 
measure the temperature of melting of the sample that has been produced through a co-
crystallisation attempt.  In this context, it has been used as an indicator of successful co-
crystallisation where a different melting point for the sample from those of the starting 
materials can indicate the formation of a molecular complex.  It has also been used as an 
indicator of purity, where a pure product would only be expected to show a single melting 
point.  Other phase transitions can also be identified during a DSC experiment such as 
glass transitions and crystallisation events (Figure 2.13).  
A sealed pan with the sample contained within it and an empty reference pan are placed 
into the sealed chamber used for heating the sample. Both the pans are enclosed in a sealed 
furnace and this is heated over a temperature range specific to the sample of interest.  The 
rate of heating is kept constant. The difference in the energy required to maintain the two 
pans  at  close  to  identical  temperatures  is  measured  by  the  heat  changes  in  the  target 
sample. Whilst the sample is being heated, if there is an exothermic peak in the resultant 
thermogram,  this  can  be  classed  as  a  crystallisation  peak  and  the  peak  appears  as  a 
maximum in the graph. When the sample reaches its melting temperature an endothermic 
peak appearing as a minimum in thermogram is observed. Both of these phenomena can be 
seen in a single experiment as the sample is heated it will reach its melting point melt 
resulting in a melting peak and if the user has programmed the sample to be cooled back to 
room temperature a crystallisation peak may be evident as the sample cools.  
 
Figure 2.13. A typical DSC thermogram showing the different types of thermal events. 100 
2.7 Thermogravimetric Analysis (TGA) 
 
In the TGA technique, the sample is heated in a closed furnace in a similar fashion to the 
DSC, however, the sample is not compared to a reference sample but instead the change in 
weight of the sample is measured as the temperature of the sample is slowly increased. 
This technique therefore monitors the mass of a substance as a function of time. One main 
use for this technique is to investigate solvent loss from a sample and in particular whether 
this occurs before the sample melts. Such solvent loss results in a step in the thermogram 
prior to decomposition of the sample (Figure 2.14).  
 
Figure 2.14. A TGA thermogram showing a step as water is released from the sample before the 
decomposition temperature is reached[126]. 
2.8 dSNAP 
 
The dSNAP program was a tool that was first released for use in 2005 [127]. This program 
aims to make it possible to easily analyse the large quantity of data contained within the 
CSD. Searching for even a simple fragment or molecule can result in a large number of 
hits in a CSD search and the analysis of these results can be time consuming and difficult. 
The dSNAP program was introduced to help the structural chemist extract information 
from CSD searches making it quick and easy to compare these results with not only other 
hits  but  also  the  users  own  work  to  see  where  their  results  fit  in  with  what  has  been 
previously published. 
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The procedure of dSNAP is as follows and will show the complicated mathematics to the 
program.  The  user  will  define  a  search  in  the CSD  and  search  accordingly.  The  three 
dimensional option has been utilised in the CSD when conducting the search meaning all 
the  interatomic  distance  and  angles  have  been  defined.  The  number  of  geometrical 
parameters is equal to  
 
(l/2)(L-1)+(l/2)(L-1)(L-2)=l/2(L-1)
2    (15) 
 
Where l is equal to the number of atoms. There will be obvious redundancy here and the 
user can also eliminate hits from the list before submition to the dSNAP program. Once 
this process is complete the data matrix will be inserted into the dSNAP program along 
with the corresponding files that have been output from the search conducted. The files are 
essential to the program running and must be present. The data matrix will be converted to 
a symmetric (n x n) Minkowski distance matix, d
5, via the standard formula: 
 
    (16) 
 
The  λ  is  a  user  selectable  parameter  in  dSNAP  that  will  have  a  default  value  of  2 
corresponding to a Euclidean distance matrix. A value of 1 can also be used occasionally 
and this refers to the traditional city-block distance. The superscript ‘s’ for the d matrix 
implies that in the subject or stimulus space to distinguish it from the related space. The w 
present refers to the weights. The weights are user selectable parameters with the default of 
unity. One of the most useful parts of the dSNAP program is the metric multidimensional 
scaling of MMDS. This is used to generate a three-dimensional Euclidean space in which 
each  point  will  represent  one  fragement  of  the  data  set  making  comparisons  between 
separate fragements easy to make. So from the d
5 a matrix A(n x n) can be constructured: 
 
    (17) 
Fron the equation the In is an (n x n) identity matrix, in is an (n x 1) vector unities and D
s is 
a matrix of squared distances. This means the that the eigenvectors of A, v1,v2,…,v3 form a 102 
vector  V  and  the  corresponding  λ1,  λ2,…,  λn  give  a  second  vector  Λ.  A  total  of  p 
eigenvalues are positive and the remaining (n – p) are set to zero. A set of coordinates in p 
dimensions can be defined via the matix X(n x p) when 
 
X=V Λ
1/2  (18) 
 
This means that p can now be set to 3 and the work can be done in three dimensions. The 
X  matrix  cn  be  used  to  plot  each  data  set  fragment  as  a  single  point  in  the  three 
dimensional plot.  
 
For  the  user  the  program  takes  an  output  from  a  CSD  search.    The  fragment  under 
investigation  can  be  a  whole  molecule  under  which  some  geometrical  flexibility  is 
anticipated or a fragment that contains hydrogen bonds between two molecules in a crystal 
structure. The search results are input into the dSNAP program which analyses both the 
bonded and non-bonded distances and the angles within the fragments using statistical 
methods and subsequently groups the results into clusters with each cluster comprising hits 
that are closely related. 
 
Figure 2.15. Difluoroalkene used in analysis using the dSNAP program [127]. 
This can be illustrated using the example that was published around the time of the first 
release of the program, involving a difluoroalkene [127] (Figure 2.15). This difluoroalkene 
is set up as the fragment for analysis and a CSD search for this fragment resulted in 58 hits 
from 33 crystal structures. This means that some of the crystal structures will have more 
than one hit per structure. The hits are analysed to compare the distances and angles of 
each individual hit and to separate these hits out into clusters made up of hits that are 
similar in nature. After the initial analysis, the main dSNAP window will appear as shown 
in Figure 2.16 (left). This part will show the individual hits that have been analysed with 
the  CSD  ref  code  appearing  below  a  coloured  circle.  All  of  the  hits  involved  in  the 103 
calculations will be represented by a unique circle. The colour of this circle shows, which 
cluster it is a member of and this colour will be maintained in all of the outputs possible.  
 
Figure 2.16. Dendrogram for the analysis of acid-amide interactions [127]. 
The most useful initial visualisation of the dSNAP output is the dendrogram (Figure 2.16, 
right);  this  is  produced  from  dSNAP  and  shows  tie  bars  that  link  the  individual  hits 
together,  with  the  lower  the  tie  bar  linking  them,  the  more  similar  are  the  hits.  The 
dendrogram can be difficult to understand when there are a large number of hits present 
and using the MMDS plot can help to make it easy to visualise how similar some of the 
hits are. The MMDS plot colours the hits by cluster (Figure 2.17). In this example, the 
clusters are well-defined with the clusters forming closely packed units and each cluster is 
well separated from the others However, if the clusters are not tightly packed or if more 
than one cluster merges together the cut-level for the dendrogam may be incorrect and this 
can be adjusted by the user to the level deemed correct. dSNAP does not provide any 
chemical interpretation for the clustering. 104 
 
Figure 2.17 MMDS plot showing the separate clusters and how closely related they are [127]. 
In this example the hits were clustered into 5 separate clusters (A-E) with the calculated 
cut level of 75%. The clusters need to be analysed by the user to determine if the clustering 
has worked. In this case the clusters were separated into: A (red) contain all the trans-
fluorine fragments, and groups B-E contain the cis-fluorine fragments. Group B (yellow) 
contains  what  can  be  commonly  considered,  the  normal  cis-fluorine  structures.  The 
clusters C (green) and D (light blue) contain a total of four fragments that all come from 
the same structure, which contains an aromatic carbon-cluster with F bound to the surface. 
The four fragments each contain a carbon atom that has four groups bond to it, with one 
being  a  double  bond,  and  as  a  result  are  not  chemically  reasonable.  The  final  cluster 
contains only one hit and the fragment is part of a cyclobutane ring and as a result of this 
has a more strained chemical environment.  
The MMDS plot helps to show the effectiveness of the clustering as the hits are well 
spaced out and shows the clustering has been correctly done. The green and light blue 
clusters  are  very  close  in  this  case  but  this  would  be  expected  due  to  the  obvious 
similarities.  
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Chapter 3.  Molecular Complexes of Cytosine with Benzoic Acid and Its Fluorinated 
Derivatives 
3.1. 1:1 Molecular Complex of Cytosine and Benzoic acid [128] 
 
Cytosine and benzoic acid were dissolved in methanol in a 1:1 molar ratio and the solvent 
was allowed to evaporate slowly until crystals formed. The crystals were colourless with a 
block shape and the crystal used for characterisation by X-ray diffraction had approximate 
dimensions of 0.3mm x 0.4mm x 0.2mm. Data were collected on a Bruker Apex II CCD 
diffractometer equipped with an Oxford Cryosystems Helix at 100K. The crystal structure 
determined  at  room  temperature  has  been  reported  previously  [128]  but  data  were  re-
collected  and  the  structure  solved  at  100K  to  allow  direct  comparison  with  the  other 
molecular  complexes  reported  in  this  thesis.    Crystallographic  data  are  summarised  in 
Table 3.11, at the end of this Section 3.5. The molecular complex forms in a 1:1 ratio of 
cytosine to benzoic acid. There are four molecules in the asymmetric unit, and the crystal 
belongs to the space group P
-
1 with eight molecules in the unit cell. Whilst the ratio in the 
product is expressed as 1:1, one cytosine has gained a hydrogen from the carboxyl group of 
a benzoic acid molecule, essentially creating four different molecular species, two of which 
carry a charge: a neutral benzoic acid and an deprotonated benzoic acid (benzoate); and a 
protonated cytosine (cytosinium) and one neutral cytosine (Figure 3.1). 
 
Figure 3.1. The asymmetric unit of the cytosine benzoic acid molecular complex showing the four 
independent molecules. 
 
The  proton  transfer  allows  the  formation  of  a  pseudo-Watson-Crick  base  paired  dimer 
between the neutral and protonated cytosine molecules.  This pseudo-Watson-Crick base 
pair has three hydrogen bonds forming the supramolecular unit, one of which is charge 
assisted (Figure 3.2).   106 
 
Figure 3.2. The pseudo-Watson-Crick base cytosine-cytosinium pair found in the 1:1 molecular 
complex of benzoic acid and cytosine. 
 
 
 
Figure 3.3. Conventional Watson-Crick base pair involving cytosine and guanine. 
 
Figure  3.3  illustrates  conventional  Watson-Crick  base  pairing  between  cytosine  and 
guanine. In general, these pairs are constructed of three hydrogen bonds and this is similar 
to the cytosine-cytosinium unit found in the cytosine benzoic acid molecular complex. This 
configuration  is  possible  between  guanine  and  cytosine  due  to  the  positioning  of  the 
hydrogen atoms on both molecules, guanine having two donor groups and one acceptor 
and cytosine having two acceptor groups and one donor. Cytosine would not be able to 
form the pseudo-Watson-Crick with itself in the absence of hydrogen transfer. The only 
way that cytosine  can form this type of base pair is through hydrogen transfer to one 
molecule and not the other; this allows the three hydrogen bonds to form instead of the 
normal Hoogsteen unit that is observed in the crystal structure of cytosine itself [129]. 
The hydrogen bonds in the cytosine base pair are all of moderate strength [130].  However, 
all three hydrogen bonds in the pseudo-Watson-Crick unit are shorter than those found in 
the molecular complex of ethyl-guanine and cytosine [131]. This is a consequence of the 
central hydrogen bond being charge assisted.  
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Table 3.1.  The hydrogen bonds found within a conventional Watson-Crick unit of the 
9-ethylguanine 1-methylcytosine molecular complex (EGMCYT10 [131]).  
 
 
 
Table  3.2.    The  hydrogen  bonds  found  within  the  pseudo-Watson-Crick  cytosine-
cytosinium unit of the molecular complex of cytosine with benzoic acid. 
Hydrogen Bond  D···A Distance  D-H Distance  D-H···A Angle 
N3-H---O1A  2.914(2) Å  0.98(2) Å  174.2(16) 
N1---H-N1A  2.844(2) Å  0.98(2) Å  177.5(18) 
O1---H-N3A  2.771(2) Å  0.99(2) Å  178.2(16) 
 
    
Figure 3.4. The labelling scheme for the cytosine molecules (left) and the benzoic acid molecules (right) 
in the cytosine and benzoic acid molecular complex. 
3.1.1 Benzoic Acid Bond Distances 
 
Table 3.3 illustrates that the proton transfer has affected the bond distances of both the 
carboxylate group of the benzoate molecule and the ring of the cytosinium molecule. When 
the benzoic acid and the benzoate molecules are compared, it becomes obvious that the 
proton transfer has had an affect. In the benzoic acid, the carboxyl group behaves like a 
neutral benzoic acid group would normally. The carboxyl group is made up of a typical 
C=O in the C5A-O3A bond (1.215(3) Å), and a typical C-OH which exhibits a standard 
single C-O bond distance in the bond C5A-O2A (1.330(3) Å). 
Once the proton is lost from the carboxyl group a carboxylate group is produced and the 
bond distances change to help balance the charge now present. The C-OH bond changes to 
a C-O
- bond, represented in the structure by the C5-O2 bond distance. This distance has 
Hydrogen Bond  D···A Distance 
N3-H---O1A  2.934(2) Å 
 
N1---H-N1A  2.924(2) Å 
 
O1---H-N3A  2.806(2) Å 
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shortened  by  approximately  0.05  Å  with  a  bond  length  of  1.275(3) Å.  The  C=O, 
represented in the structure by C5-O3, has also altered, lengthening from a typical C=O 
bond  distance  by  approximately  0.040  Å.  This  means  that  both  bond  distances  are 
intermediate between typical single or double bonds and this points to the fact that the 
charge is delocalised over the carboxylate group. 
3.1.2 Cytosine Bond Distances 
 
The cytosine molecule undergoes a bigger change than that of the benzoic acid molecule. 
The formation of a cytosinium molecule causes five bonding distances to change notably, 
as shown in Table 3.3. These changes reflect the fact that the charge left on the cytosine 
molecule is spread over the side of the cytosine molecule that is involved in the base pair. 
This leads to both bond shortening and lengthening, and some consequent changes in the 
ring angles.  109 
Table 3.3  Bond distances in each molecule present in the molecular complex of cytosine and benzoic acid 
Cytosinium  Cytosine 
Bond length (Å)  Angle (°)  Bond length (Å)  Angle  (°)   
O1A-C2A  1.238(3)  C1-N2-C2  124.0(2)  O1-C2  1.251(3)  C1A-N2A-C2A  119.3(2) 
C2A-N2A  1.359(3)  N2-C2-N3  116.3(2)  C2-N2  1.371(3)  N2A-C2A-N3A  119.3(2) 
N2A-C3A  1.362(3)  C2-N3-C3  121.8(2)  N2-C3  1.360(3)  C2A-N3A-C3A  121.8(2) 
C3A-C4A  1.343(3)  N3-C3-C4  122.2(2)  C3-C4  1.342(3)  N3A-C3A-C4A  120.4(2) 
C4A-C1A  1.420(3)  C3-C4-C1  118.0(2)  C4-C1  1.424(3)  C3A-C4A-C1A  117.3(2) 
C1A-N3A  1.312(3)  C4-C1-N2  117.8(2)  C1-N3  1.328(3)  C4A-C1A-N2A  121.8(2) 
C1A-N1A  1.361(3)      C1-N1  1.348(3)     
N1A-C2A  1.374(3)      N1-C2  1.356(3)     
               
Benzoic acid  Benzoate 
Bond Length (Å)  Angle (°)  Bond Length (Å)  Angle (°) 
O2A-C5A  1.330(3)  C6A-C7A-C8A  120.5(2)  O2-C5  1.275(3)  C6-C7-C8  120.0(2) 
C5A-O3A  1.215(3)  C7A-C8A-C9A  119.7(2)  C5-O3  1.253(3)  C7-C8-C9  120.2(2) 
C5A-C6A  1.489(3)  C8A-C9A-C10A  119.7(2)  C5-C6  1.506(3)  C8-C9-C10  120.1(2) 
C6A-C7A  1.392(3)  C9A-C10A-C11A  120.6(2)  C6-C7  1.389(3)  C9-C10-C11  119.8(2) 
C7A-C8A  1.384(3)  C10A-C11A-C6A  119.7(2)  C7-C8  1.385(3)  C10-C11-C6  120.3(2) 
C8A-C9A  1.392(3)  C11A-C6A-C7A  119.5(2)  C8-C9  1.383(3)  C11-C6-C7  119.5(2) 
C9A-C10A  1.387(3)      C9-C10  1.390(3)     
C10A-C11A  1.381(3)      C10-C11  1.381(3)     
C11A-C6A  1.395(3)      C11-C6  1.396(3)     
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Figure 3.5. Cytosine homo-base pairs forming into a chain along the b-axis in the molecular complex of 
cytosine and benzoic acid. 
The pseudo-Watson-Crick cytosine dimers form chains along the b-axis with two N-H···O 
hydrogen bonds connecting one base paired unit to another (Figure 3.5).  These hydrogen 
bonds are of moderate strength with A being of length 2.860(2) Å and B of length 2.876(2) 
Å and form between the carbonyl groups and the amine groups of like molecules (i.e. 
cytosine to cytosine or cytosinium to cytosinium). Hydrogen bonded rings are thus formed 
of type R
2
4(8). The chains are planar. 
 
Figure 3.6. Benzoate molecules connecting the layered cytosine chains along the b-axis in the molecular 
complex of cytosine and benzoic acid. 
 
The benzoate molecules link parallel cytosine chains to one another through two N-H···O 
hydrogen bonds of moderate strength and length C 2.666(2) Å and D 2.821(2) Å (Figure 
3.6). This six molecule building block (Figure 3.6) stacks along the c-axis. In pure benzoic 
acid, the carboxylic acid group lies in the plane of the benzene ring [128].  This is also the 
case  for  the  neutral  benzoic  acid  molecule  in  this  complex.    The  benzoate  molecule, 
however, is not planar and the carboxylate group lies at an angle of approximately 25° with 
respect to the benzene ring. This twisting is a consequence of the connecting role of this 
molecule such that it can form two hydrogen bonds to two different layers of cytosine 
chains. 
 
Figure 3.7. Twisting of the carboxylate group in the benzoate molecule in the molecular complex of 
cytosine and benzoic acid. 111 
The neutral benzoic acid interacts with the deprotonated benzoic acid through a single O-
H···O hydrogen bond with an O···O distance of 2.567(2) Å to the slightly longer C-O group 
of  the  carboxylate  group.  It  is  therefore  charge  assisted  in  nature  and  is  the  shortest 
hydrogen bond observed in this structure. This is the only hydrogen bond in which the 
neutral benzoic acid participates. 
 
 
Figure 3.8. Neutral benzoic acid hydrogen bonded to the deprotonated benzoic acid in the molecular 
complex of cytosine and benzoic acid (left) and the benzoic acid chain linked via weak O···H-C 
hydrogen bonds (right). 
 
The twisting of the carboxylate group allows for some π···π interactions to form connecting 
a neutral benzoic acid with a charged benzoate. This leads to layers of π stacked benzoic 
acid molecules. The benzoic acid chains, which form along the c-axis, are predominately 
held together by weak interactions. The neutral benzoic acid forms weak O···H-C hydrogen 
bonds to create a chain of benzoic acid molecules, the chain is made up of only neutral 
benzoic  acid  molecules.  This  connects  the  six  molecule  units  to  each  other  via  weak 
interactions and these interactions occur along the c-axis. 
 
 
Figure 3.9. π···π stacking interactions in the molecular complex of cytosine and benzoic acid 112 
 
 
Figure 3.10. Link between separate six molecule units via weak interactions in the molecular complex 
of cytosine and benzoic acid. The molecule involved in weak interactions between both blocks is 
represented by green. 
Figure 3.11 shows that that there is prominent base-stacking in the structure. There are no 
direct hydrogen bonds formed between chains of parallel cytosine molecules, but these 
chains stack on top of one another. There are two cytosine stacking interactions in this 
molecular complex. The first is between the two layers within a six molecule unit (Figure 
3.6). The cytosinium molecules (red in Figure 3.11) stack on top of the neutral cytosine 
molecules (green in Figure 3.11). The approximate spacing between these two layers is 
3.01 Å. The stacking interactions between different six molecule units also show neutral 
cytosine molecules stacked upon charged cytosinium molecules but the layer spacing is 
slightly larger being approximately 3.2 Å.  
 
 
 
Figure 3.11. Stacking interactions in the molecular complex of cytosine and benzoic acid between 
building blocks with colour scheme: red (charged cytosine), green (neutral cytosine), orange (charged 
benzoic acid) and blue (neutral benzoic acid) 113 
3.2. 1:1:0.5 Molecular Complex of Cytosine and 2-Fluorobenzoic acid Hemihydrate 
 
Cytosine and 2-fluorobenzoic acid were dissolved in methanol in a 1:1 molar ratio and the 
solvent was allowed to evaporate slowly until crystals formed. The crystals were colourless 
with  a  block  shape  and  the  crystal  used  for  characterisation  by  X-ray  diffraction  had 
approximate dimensions of 0.2mm x 0.2mm x 0.2mm. Data were collected on a Bruker 
Apex  II  CCD  diffractometer  equipped  with  an  Oxford  Cryosystems  Helix  at  100K. 
Crystallographic data are summarised in Table 3.11. 
The molecular complex forms in a 1:1 ratio of cytosine to benzoic acid in a similar manner 
to that of the benzoic acid molecular complex but with water also incorporated into the 
structure  (1:1:0.5,  cytosine:  2-fluorobenzoic  acid:  water).  A  hydrogen  atom  from  the 
carboxyl group of the 2-fluorobenzoic acid is again transferred to a cytosine creating five 
independent molecules in the asymmetric unit (Figure 3.13).  Both the 2-fluorobenzoic 
acid  and  2-fluorobenzoate  molecules  show  orientational  disorder  with  respect  to  the 
fluorine  atom.  This  disorder  was  modelled  with  respect  to  two  separate  components 
involving  a  fluorine  atom,  two  carbon  atoms  and  a  hydrogen  atom  (Figure  3.12).  The 
major component was refined to have an occupancy of 97% and the minor component of 
3%.  
   
Figure 3.12. The major (green) and minor (blue) components of the 2-fluorobenzoic acid molecules in 
the molecular complex of cytosine and 2-fluorobenzoic acid hemihydrate. 
 
 
 
Figure 3.13. The asymmetric unit showing proton transfer from one benzoic acid molecule to one 
cytosine molecule in the molecular complex of cytosine and 2-fluorobenzoic acid hemihydrate. 114 
The  proton  transfer  again  allows  the  formation  of  a  pseudo-Watson-Crick  base  paired 
dimer between the neutral and protonated cytosine molecules.   
 
Figure 3.14. The pseudo-Watson-Crick base pair observed in the 1:1 molecular complex of cytosine 
and 2-fluorobenzoic acid hemihydrate. 
Table 3.4. Hydrogen bond distances of the pseudo-Watson-Crick hydrogen bonding 
motif in the molecular complex of cytosine and 2-fluorobenzoic acid hemihydrate. 
Hydrogen Bond  D---A Distance 
 
N1-H···O1A  2.836(2) Å 
N2···H-N2A  2.860(2) Å 
O1···H-N1A  2.912(2) Å 
 
 
Figure 3.15. The labelling scheme for the cytosine molecules (left) and the benzoic acid molecules 
(right) in the molecular complex of cytosine and 2-fluorobenzoic acid hemihydrate 
 
This  structure  also  produces  a  two  hydrogen  bonded  link  between  base-pairs.  In  the 
benzoic acid cytosine molecular complex, the link was planar and more square in shape; 
here it is stepped and in the shape of a diamond with a large asymmetry in the hydrogen 
bond lengths. The same two hydrogen bonds make up the link with one O···H-N bond and 
one N-H···O bond. The first of these hydrogen bonds is from the amine group of the neutral 
cytosine to a nearby oxygen on another neutral cytosine molecule. This hydrogen bond is 
of moderate strength and has an N···O distance of 3.021(2) Å. The other hydrogen bond 
making up the second link is from the amine group of a cytosinium molecule to the oxygen 115 
of a nearby cytosinium molecule. This hydrogen bond is of weak strength and has an N···O 
distance of 3.233(2) Å; the primary hydrogen bond involving this amine group is to a 2-
fluorobenoic acid molecule and is of N···O distance 2.897(2) Å (see below). This link is 
shown  in  Figure  3.16.  Both  these  hydrogen  bonds  deviate  significantly  from  linearity 
having  N-H···O  angles  of  140(3)°  and  118(3)°,  respectively.  The  pseudo-Watson-Crick 
base pairs are therefore stepped relative to one another within the chains (Figure 3.17). 
 
 
Figure 3.16. Base paired chain linked by hydrogen bonds making a diamond shape in the cytosine 2-
fluorobenzoic acid hemihydrate molecular complex. 
 
Figure 3.17. Stepped cytosine chain in the cytosine 2-fluorobenzoic acid hemihydrate molecular 
complex. 
 
The 2-fluorobenzoate molecule is tethered to the neutral side of the cystosine chain via a 
hydrogen bond of moderate strength with an N···O distance of 2.795(2) Å (Figure 3.18). 
The benzoic acid molecule lies approximately perpendicular to the cytosine chain. The 
water plays a significant role in the crystal structure acting as an acceptor for a moderately 
strong hydrogen bond from a protonated cytosine of N···O distance of 2.698(2) Å on the 
other side of the chain. The water molecule also provides a link between parallel cytosine 
chains. 
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Figure 3.18. 2-fluorobenzoate and water molecules tied to the cytosine chain in the cytosine 2-
fluorobenzoic acid hemihydrate molecular complex. 
 
 
Figure 3.19. Ring shape formed between two water and two 2-fluorobenzoate molecules in the 2-
fluorobenzoic acid and cytosine molecular complex. 
The water acts as a hydrogen bond donor to two separate 2-fluorobenzoate molecules to 
form a hydrogen bonded ring, R4
4(12). The hydrogen bonds are of moderate strength and 
have O···O distances of 2.731(2) Å and 2.753(2) Å. 
From this hydrogen bonded ring, two cytosine, two cytosinium and two 2-fluorobenzoic 
acid  molecules  are  hydrogen  bonded.  This  ring  thus  helps  interlink  different  cytosine 
chains. The four cytosines are part of different cytosine chains running perpendicular to 
this ring.  The 2-fluorobenzoic acid molecules sandwich pairs of parallel cytosine chains 
and these are aligned head to tail with respect to one another (Figure 3.19).  They form O-
H···O hydrogen bonds to the carboxylate group of the 2-fluorobenzoate molecules with 
O···O distances of 2.592(2) Å.  In addition, the carbonyl group of the carboxyl group acts 
as  a  hydrogen  bond  acceptor  to  both  an  N-H···O  and  C-H···O  hydrogen  bond  from  a 
parallel cytosinium molecule.  The N···O and C···O distances are 2.930(3) Å and 3.111(3) 
Å, respectively. 117 
 
Figure 3.20. Ring connecting layers in the molecular complex of cytosine and 2-fluorobenzoic acid 
hemihydrate. 
When  discussing  the  fluorine  interactions  in  this  structure  the  changes  in  occupancy 
present in the two 2-fluorobenzoic acid molecules must be taken into account. For the 
correct picture to be seen the major component will be described first and then the minor 
component. 
   
Figure 3.21. Fluorine interaction involving the major component of the disordered 2-fluorobenzoic 
acid molecule in the molecular complex of cytosine and 2-fluorobenzoic acid hemihydrate. 
The  major  component  is  97%  occupied  and  has  been  colour  coded  green.  When  the 
fluorine on the 2-fluorobenzoate is in the major position the fluorine will be involved in a 
F···O interaction between the fluorine of the 2-fluorobenzoate and the protonated oxygen 
atom of the carboxylic acid group of the 2-fluorobenzoic acid. This bonding distance is of 
length 2.894(2) Å and helps act as a stabilising factor between the two molecules that are 
perpendicular to one another as seen in Figure 3.21 (left). When the fluorine in the 2-
fluorobenzoic acid molecule is positioned in the major position then it will be involved in 
an interaction between the fluorine atom and a ring carbon that is attached to a hydrogen in 
the major component. This bonding distance is of length 2.377 Å, which is much shorter 
than the summed van der Waals radii of carbon and fluorine (3.17 Å). This interaction also 
acts as a stabilising factor between separate parts of the molecule as seen in Figure 3.21 
(right). 118 
   
Figure 3.22. Fluorine interaction involving the minor component of the disordered 2-fluorobenzoate 
(left) and 2-fluorobenzoic acid (right) molecules in the molecular complex of cytosine and 2-
fluorobenzoic acid hemihydrate. 
When the focus changes to the minor component the interactions obviously change. In this 
section  the  minor  component  has  been  colour  coded  blue.  When  looking  at  the  minor 
component of the 2-fluorobenzoate there is a moderate strength C-H···F hydrogen bond 
present in the structure. This is between the fluorine of the 2-fluorobenzoate and a ring C-
H group of a nearby cytosine molecule. This bond distance is of moderate strength and is 
of length 3.024(2) Å. When dealing with the fluorine from the minor component of the 2-
fluorobenzoate there is an interaction between the fluorine and the oxygen of the nearby 
carboxylic acid group of a 2-fluorobenzoic acid molecule. This bond distance is of length 
2.645(2) Å, which is very much less than the summed van der Waals radii of oxygen and 
fluorine (2.99 Å).  
 
Figure 3.23. F…H-N hydrogen bond present between the fluorine of the 2-fluorobenzoic acid molecule 
and the amine group of a protonated cytosine molecule in the molecular complex of cytosine and 2-
fluorobenzoic acid hemihydrate 
The  final  fluorine  interaction  of  the  minor  component  involves  the  fluorine  of  the  2-
fluorobenzoic acid molecule. This is involved in a weak strength hydrogen bond with the 
amine group of a nearby protonated cytosine molecule. This bond is of weak strength and 
is of length 3.234(2) Å. This interaction acts as an extra stabilising factor between the 
cytosine and the 2-fluorobenzoic acid molecule tied to the chain as seen in Figure 3.23. 
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Figure 3.24 Stacking interactions in the molecular complex of cytosine and 2-fluorobenzoic acid 
hemihydrate. Colour scheme, green represents neutral cytosine and red represents the protonated 
cytosine molecule. 
The  stacking  interactions  here  are  similar  to  those  seen  in  the  benzoic  acid  cytosine 
molecular complex (Section 3.1). The two cytosine base-paired chains stack on top of one 
another with the charged side of the chain stacking on top of the neutral side of the chain 
and this is reversed for the other side of the chain (Figure 3.24).  These two units are 
related by an inversion centre. The spacing of the layers is approximately 3.132 Å.  
3.3 1:1 Molecular Complex of Cytosinium 3-Fluorobenzoate 
 
Cytosine and 3-fluorobenzoic acid (3FBA) were dissolved in methanol in a 1:1 molar ratio 
and the solvent was allowed to evaporate slowly until crystals formed. The crystals were 
colourless  with  a  needle  shape  and  the  crystal  used  for  characterisation  by  X-ray 
diffraction  had  approximate  dimensions  of  0.5mm  by  0.2mm  by  0.2mm.  Data  were 
collected on a Bruker Apex II CCD diffractometer equipped with an Oxford Cryosystems 
Helix at 100K. Crystallographic data are summarised in Table 3.11. 
The molecular complex forms in a 1:1 ratio of cytosine to 3-fluorobenzoic acid. There is 
100% hydrogen transfer from the benzoic acid to the cytosine in contrast to the benzoic 
acid and 2-fluorobenzoic acid complexes. The hydrogen transfers from the carboxyl group 
of the benzoic acid to the usually unprotonated nitrogen on the cytosine. 
In  the  other  related  structures  the  partial  hydrogen  transfer  allows  the  pseudo-Watson-
Crick cytosine-cytosinium base pairing motif to form. This structure cannot have this type 
of base pairing due to the 100% hydrogen transfer; instead it forms a hydrogen-bonded pair 
between the cytosinium and the 3-fluorobenzoate molecules through the carboxylate group 
on the latter (Figure 3.25).  
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Figure 3.25. The asymmetric unit for the molecular complex of cytosinium 3-fluorobenzoate including 
atom labelling. 
 
Table 3.5. Hydrogen bond distances of the hydrogen bonded ring in the molecular 
complex of cytosinium 3-fluorobenzoate. 
Hydrogen Bond  N---O Distance 
 
D. N1-H···O3  2.704(2) Å 
C. N2-H···02  2.724(2) Å 
 
This two molecule heterodimer pair is the basic building block for this structure, with 
hydrogen bonded rings formed of type R
2
2(8). The cytosinium is involved in five hydrogen 
bonds, two of which comprise the hydrogen-bonded ring as previously mentioned. The 
remaining  three  hydrogen  bonds  are  single  hydrogen  bonds  to  one  3-fluorobenzoate 
molecule and two other cytosinium molecules (Figure 3.26). The single hydrogen bond to 
the benzoic acid has an N···O distance of 2.688(2) Å and is of moderate strength. The two 
cytosine single hydrogen bonds have an N···O distance of 2.872(2) Å and are equivalent. 
 
Figure 3.26. Hydrogen bonding involving the heterodimer in the molecular complex of cytosinium 3-
fluorobenzoate. 
 
Hydrogen bond B is shorter as it is charge assisted. Bond A creates chains of cytosinium 
molecules  along  the  c-axis.  In  the  chain  each  alternate  cytosinium  molecule  is 
perpendicular to the previous one in the chain (Figure 3.27). Parallel chains are connected 
through hydrogen bonds between cytosinium molecules and 3-fluorobenzoate molecules 
(Figure 3.29). 121 
 
Figure 3.27. Alternating orientation of cytosinium molecules in the cytosinium 3-fluorobenzoate 
molecular complex. 
 
 
Figure 3.28. Heterodimers connected through hydrogen bonds in the molecular complex of cytosinium 
3-fluorobenzoate. 
 
 
Figure 3.29. Two separate chains (Figure 3.28) linked together via a single hydrogen bond in the 
cytosinium 3-fluorobenzoate molecular complex. 
The fluorine is involved in a weak strength C-H---F DDHHA bifurcated hydrogen bond. 
Both hydrogen bond donors are CH groups on the cytosinium ring.  The major component 
of  this  bifurcated  hydrogen  bond  has  a  C···F  distance  of  3.478(1)  Å  and  the  minor 
component  a  C···F  distance  of  3.529(2)  Å.  This  fluorine  hydrogen  bond  connects 
molecules that lie in the same plane. The fluorine acts as a link to different chains that 
would not be possible in the non-fluorinated equivalent. 122 
 
Figure 3.30. Fluorine interactions in the cytosinium 3-fluorobenzoate molecular complex. 
There is no base stacking in this structure, however, there are stacking interactions between 
two  3-fluorobenzoate  molecules  and  between  a  3-fluorobenzoate  molecule  and  a 
cytosinium molecule. There are three stacking interactions with two unique distances. The 
distances  between  the  green  cytosinium  molecules  and  the  blue  3-fluorobenzoate 
molecules are equal (Figure 3.31). The two unique distances are between the two blue 3-
fluorobenzoate molecules and the distance between the green cytosinium and the blue 3-
fluorobenzoate  molecule  of  approximately  3.136  Å  and  3.284  Å,  respectively.  The 
structure is not layered and so this is the extent of the stacking interactions (Figure 3.31, 
right) 
 
Figure 3.31 Stacking interactions in the cytosinium 3-fluorobenzoate molecular complex. Colour 
scheme, green represents cytosinium and blue represents the 3-fluorobenzoate molecules. 123 
3.4. 2:1:1 Molecular Complex of Cytosine and 4-Fluorobenzoic acid Hydrate 
 
Cytosine and 4-fluorobenzoic acid were dissolved in methanol in a 1:1 molar ratio and the 
solvent was allowed to evaporate slowly until crystals formed. The crystals were colourless 
with  a  block  shape  and  the  crystal  used  for  characterisation  by  X-ray  diffraction  had 
approximate dimensions of 0.4mm x 0.4mm x 0.3mm. Data were collected on a Bruker 
Apex  II  CCD  diffractometer  equipped  with  an  Oxford  Cryosystems  Helix  at  100K. 
Crystallographic data are summarised in Table 3.11. 
The molecular complex forms in a 2:1:1 ratio of cytosine to 4-fluorobenzoic acid to water. 
Whilst the ratio in the product is represented as 2:1:1, one cytosine has gained a hydrogen 
from  the  carboxyl  group  of  the  4-fluorobenzoic  acid  essentially  creating  two  different 
molecular species of cytosine, one of which has gained a hydrogen. There are therefore 
four  independent  molecules  in  the  asymmetric  unit,  a  neutral  cytosine,  a  protonated 
cytosinium,  a  deprotonated  4-fluorobenzoate  and  a  water  molecule  (Figure  3.32).  The 
proton transfer allows the formation of a pseudo-Watson-Crick base paired dimer between 
the cytosine and cytosinium molecules.   
 
Figure 3.32. The pseudo-Watson-Crick cytosine-cytosinium base pair observed in the molecular 
complex of 4-fluorobenzoic acid and cytosine hydrate with numbering scheme. 
 
Table 3.6. Hydrogen bond distances of the pseudo-Watson-Crick hydrogen bonding 
motif in the molecular complex of cytosine and 4-fluorobenzoic acid hydrate. 
Hydrogen Bond  D···A Distance 
 
N1A-H---O1  2.949(2) Å 
N2A---H-N2  2.836(2) Å 
O1A---H-N1  2.729(2) Å 124 
 
Figure 3.33. Cytosine homo-base paired chain formed in the molecular complex of cytosine and 4-
fluorobenzoic acid hydrate with hydrogen bonded squares linking pseudo-Watson-Crick-base pairs 
along the b-axis. 
 
The  cytosine  dimers  form  chains  along  the  b-axis  with  two  N-H···O  hydrogen  bonds 
connecting one base paired unit to another forming an approximately square shaped linker 
comprised of four hydrogen bonds (Figure 3.33). These hydrogen bonds are of moderate 
strength  and  form  between  the  carbonyl  groups  and  the  amino  groups  and  have  N···O 
distances of 2.914(1) Å and 2.920(1) Å, on the cytosine and cytosinium sides of the chain, 
respectively. Hydrogen bonded rings are thus formed of type R
2
4(8). The chains are planar. 
 
Figure 3.34. Formation of ladder structure in the molecular complex of cytosine and 4-fluorobenzoic 
acid with the water molecule acting as a spacer. 
 
A combination of hydrogen bonding involving the 4-fluorobenzoate and water molecules 
connects  the  layers  (Figure  3.34,  left).  Each  oxygen  on  different  4-fluorobenzoic  acid 
molecules  acts  as  a  hydrogen  bond  acceptor  from  the  water.    This  creates  chains  of 
alternating 4-fluorobenzoate and water molecules.  In addition, the longer of the two C-O 
units of the carboxylate group hydrogen bonds to the cytosine molecule with an N···O 
distance of 2.691(1) Å.  On the other side of the cytosine chain, the cytosinium molecule 
forms a hydrogen bond to the oxygen of the water molecule with an N···O distance of 
2.674(1) Å. This generates a ladder structure with the cytosine chains being the rungs 
(Figure 3.34, right). 
The  hydrogen-bonding  motif  is  similar  to  that  seen  in  the  benzoic  acid  and  cytosine 
molecular complex (Section 3.1) and is displayed in Figure 3.35. The cytosine and benzoic 
acid molecular complex contains a six molecule unit comprised of two charged cytosinium 125 
molecules,  two  neutral  cytosine  molecules  and  two  charged  benzoate  molecules.  The 
cytosine and 4-fluorobenzoic acid molecular complex has the same composition but with 
two water molecules included in addition. The water molecule acts as a spacer and this 
offers  extended hydrogen bonding opportunities resulting in the ladder  structure which 
cannot exist in anhydrous complexes. 
 
Figure 3.35. Comparison of the six membered block in the molecular complex of cytosine and benzoic 
acid (top) and the eight membered block in the molecular complex of cytosine and 4-fluorobenzoic acid 
hydrate (bottom) (the water molecules are in green). 
 
The fluorine atom in this molecular complex is the most exposed to be able to take part in 
fluorine interactions with separate molecules and chains due to its positioning relative to 
the carboxylate group. The fluorine is involved in two weak hydrogen bonds with two 
separate  layers.  These  two  hydrogen  bonds  involve  the  same  hydrogen  atom  on  two 
distinctly different cytosine molecules, one cytosine and one cytosinium. The hydrogen 
involved is that on the carbon next to the normally protonated heteratom of the cytosine 
ring. The hydrogen bond involving the neutral cytosine has a C···F length of 3.595(2) Å. 
The other hydrogen bond involving the cytosinium molecule has a C···F length of 3.473(1) 
Å. These interactions act as a link between parallel ladder structures.  
 
 
Figure 3.36. Fluorine interactions in the molecular complex of cytosine and 4-fluorobenzoic acid 
hydrate. 126 
 
 
Figure 3.37 Stacking interactions in the molecular complex of cytosine and 4-fluorobenzoic acid 
hydrate with colour scheme: red representing cytosinium molecules, green representing neutral 
cytosine molecules, blue representing the 4-fluorobenzoate molecules and yellow representing the 
water molecules. 
 
The  stacking  interactions  in  this  structure  are  base  stacking  interactions  between  the 
separate layers of the cytosine chains. There are two unique stacking interactions between 
the neutral cytosine chain on top of the charged chain and in turn the charged chain on top 
of the neutral chain (Figure 3.37). These stacking interactions are found to be at distances 
of approximately 3.181 and 3.220 Å, respectively. 
3.5.  Comparison  of  the  Series  of  Molecular  Complexes  of  Cytosine  with 
Fluorosubstituted Benzoic acids. 
 
Some common structural trends in the cytosine and benzoic acid molecular complexes can 
be identified. There is hydrogen transfer from a benzoic acid molecule to the unprotonated 
nitrogen  in  a  cytosine  molecule  in  all  four  complexes;  however,  in  some  cases,  both 
protonated  and  unprotonated  cystosine  and  benzoic  acid  molecules  co-exist.  There  is 
diversity in the crystallisation ratio of the complexes formed and two of the complexes are 
hydrates. 127 
 
Figure 3.38. The asymmetric units and proton transfer in (a) cytosine and benzoic acid, (b) cytosine 
and 2-fluorobenzoic acid hydrate (c) cytosinium 3-fluorobenzoate (d) cytosine and 4-fluorobenzoic acid 
hydrate 
3.5.1. Hydrogen Transfer and the Effect on the Crystallisation Ratio of the Product 
 
In  all  cases  there  is  transfer  of  a  proton  from  a  benzoic  acid  carboxyl  group  to  the 
unprotonated nitrogen of the cytosine. However, there is a range of crystallisation ratios 
observed. The normal method to try and anticipate hydrogen transfer is to take into account 
the  pKa values between the acid and the base components. 
Table 3.7 The  pKa values, level of hydrogen transfer and the ratio of the components 
in the four molecular complexes 
Molecular complex   pKa  Hydrogen transfer with 
respect to cytosine 
molecules 
Crystallisation 
Ratio 
Cytosine and benzoic 
acid 
0.396  50%  1:1 
Cytosine and 2-
fluorobenzoic acid 
hydrate 
1.33  50%  1:1:1 
Cytosinium 3-
fluorobenzoate 
0.74  100%  1:1 
Cytosine and 4-
fluorobenzoic acid 
hydrate 
0.45  50%  2:1:1 
 
All of the  pKa values sit in the continuum between 0 and 3 where it is difficult to predict 
the level of hydrogen transfer.  The only complex to show 100% hydrogen transfer with 128 
respect to the cytosine molecule is the cytosinium 3-fluorobenzoate molecular complex, 
but this interestingly does not show the highest  pKa value.  However the reason for the 
different crystallisation ratio in the cytosine 2-fluorobenzoic acid molecular complex (with 
the highest  pKa value) is likely to be due to the presence of water in this complex.  
Table 3.8 Crystallisation ratio, number of molecular species and presence of water for 
the four structures 
 
The  benzoic  acid  and  cytosine  molecular  complex  contains  equal  proportions  of  the 
protonated and unprotonated forms of both components. So whilst the ratio in the product 
is represented as 1:1, one cytosine has gained a hydrogen from the carboxyl group of the 
benzoic acid essentially creating four different molecular species, two of which carry a 
charge; a neutral benzoic acid and a deprotonated benzoate ion, and a cytosinium and a 
neutral cytosine. The 2-fluorobenzoic acid cytosine molecular complex behaves in much 
the same manner as the benzoic acid complex, however a water is incorporated into the 
structure. So the ratio in the product is represented as 2:2:1, but one cytosine has gained a 
hydrogen from the carboxyl group of the benzoic acid essentially creating five different 
molecular  species.  The  3-fluorobenzoic  acid  cytosine  molecular  complex  is  the  most 
simple system and does not follow the general trend, as it has 100% hydrogen transfer 
from one cytosine to one 3-fluorobenzoic acid. There are no neutral molecules present in 
the structure and so the ratio of this complex is 1:1. The 4-fluorobenzoic acid cytosine 
molecular complex lies between these two extremes; there is once again hydrogen transfer 
from the benzoic acid molecule to a cytosine. However, there is no neutral benzoic acid 
molecule incorporated within the complex. The ratio is represented as 2:1:1; one cytosine 
has gained a proton from the benzoic acid essentially creating four different molecular 
species, two of which carry a charge; a deprotonated benzoic acid, a cytosinium and a 
neutral cytosine with one water molecule also present.  This is summarised in Table 3.8. 
 
Co-molecule  Ratio  not  including 
hydrogen  transfer 
(Cyto:BA:H20) 
Number  of 
molecular species  
Hydrate 
Benzoic Acid  2:2  4  No 
2-Fluorobenzoic acid 
hydrate 
2:2:1  5  Yes 
3-Fluorobenzoic acid  1:1  2  No 
4-Fluorobenzoic acid 
hydrate 
2:1:1  4  Yes 129 
3.5.2. Structural Motifs of the Cytosine Molecules 
 
The 3-fluorobenzoic acid structure has total transfer of a hydrogen from the benzoic acid to 
the cytosine. This means that there is no possibility of the pseudo-Watson-Crick forming 
and instead a hydrogen-bonded ring is formed between the 3-fluorobenzoic acid and the 
cytosine (Figure 3.25).  
The other three structures contain two cytosines, one protonated and one neutral. As a 
result of this each structure is capable of forming the pseudo-Watson-Crick base-pair motif 
and all three structures do (Figure 3.39).  
 
Figure 3.39. Pseudo-Watson-Crick bonding motif found in the molecular complexes of left, cytosine 
and benzoic acid, middle, cytosine and 2-fluorobenzoic acid hydrate and right, cytosine and 4-
fluorobenzoic acid hydrate. 
 
Figure 3.40. Numbering scheme for the pseudo Watson Crick base pair applicable to all three 
structures. 
The  pseudo-Watson-Crick  hydrogen  bonding  motifs  found  in  each  of  these  complexes 
contain  three  hydrogen  bonds.  However,  there  are  noticeable  differences  found  in  the 
three. The structures containing benzoic acid and 4-fluorobenzoic acid have very similar 
hydrogen bonding lengths and this could be expected as similar chains of these units are 
formed in the same fashion.  The chains in each are planar, however, this cannot be said for 
the structure with 2-fluorobenzoic acid. Here all the bonds are very similar in length and 
the change may be due to the change in the construction of the chains with a stepped chain 
being adopted. However, the bonding between separate base pairs is also lengthened due to 
the change in chain formation.  
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Table 3.9 Comparison of the three pseudo-Watson-Crick bonding motifs seen in the 
molecular structures of cytosine with benzoic acid and 2- and 4-fluorobenzoic acid  
 
 
In these structures each cytosine base pair is linked to another base pair through hydrogen 
bonding.  The  main  difference  is  whilst  the  benzoic  acid  and  the  4-fluorobenzoic  acid 
structures have two hydrogen bonds linking each separate base pair that form a square 
shape,  the  link  present  in  the  2-fluorobenzoic  acid  structure  contains  a  two  hydrogen 
bonded link between base pairs that form a diamond shape. The BA and 4-fluorobenzoic 
acid structures have a planar chain whilst the 2-fluorobenzoic acid structure contains a 
more staggered chain.  
 
Figure 3.41. Cytosine homo-base paired chain found in the molecular complexes of left, cytosine and 
benzoic acid, middle, cytosine and 2-fluorobenzoic acid hydrate and right, cytosine and 4-
fluorobenzoic acid hydrate. 
 
Table 3.10. Hydrogen bond distances connecting the pseudo-Watson-Crick base pairs 
into cytosine chains. 
  Link Between Cytosine base pairs in chain 
  Benzoic acid  2-Fluorobenzoic acid  4-Fluorobenzoic acid 
N1-O1  2.868(2) Å  3.258(2) Å  2.913(1) Å 
N2-O2  2.876(2) Å  3.022(2) Å  2.920(1) Å 
 
 
Figure 3.42. Staggered chain in the molecular complex of cytosine and 2-fluorobenzoic acid hydrate 
with colour scheme: green for cytosine molecules and red for 2-fluorobenzoic acid molecules. 
The staggered cytosine chain in the cytosine 2-fluorobenzoic acid molecular complex is 
not straight like others seen in the series and it contains a slight shift to the right as the 
  Pseudo Watson Crick   
  Benzoic acid  2-Fluorobenzoic acid  4-Fluorobenzoic acid 
O1-N1  2.771(2)  2.836(2)  2.730(1) 
N2-N3  2.844(2)  2.847(2)  2.836(1) 
O2-N4  2.914(2)  2.897(2)  2.949(1) 131 
connecting hydrogen bonded units are diamond shaped with much weaker hydrogen bonds 
involved. There are also some interactions that occur in the 2-fluorobenzoic acid molecular 
complex  that  are  not  present  in  the  other  two  related  structures.  This  interaction  is  a 
moderate strength hydrogen bond of a type N-H···O bond between the amine group of the 
cytosinium molecule in the chains and the oxygen atom of a carboxyl group of a nearby 
neutral 2-fluorobenzoic acid molecule. This extra interaction also explains the step in the 
chains as the positioning of the 2-fluorobenzoic acid molecule cannot be accommodated 
otherwise (Figure 3.42).  This also accounts for the increased distance between base pairs 
in the chain as seen in Table 3.10. 
 
Figure 3.43. Comparing chains and twisting of the base pairs in the molecular complex of cytosine and 
2-fluorobenzoic acid (left) and cytosine and benzoic acid (right). 
 
The  pseudo-Watson-Crick  unit  in  the  2-fluorobenzoic  acid  molecular  complex  is  also 
twisted (Figure 3.43). This, in combination with the step in the cytosine chain, accounts for 
the main differences in the distances observed in the link hydrogen bonds between base 
pairs in the 2-fluorobenzoic acid and cytosine molecular complex when compared with the 
cytosine with benzoic acid and 4-fluorobenzoic acid with cytosine molecular complexes. 132 
3.5.3 Structural Motifs Involving the Benzoic Acid Molecules 
 
Figure 3.44. Changes in the molecules tied to either side of the homo-base paired chain found in the 
molecular complexes of left, cytosine and benzoic acid, middle, cytosine and 2-fluorobenzoic acid 
hydrate and right, cytosine and 4-fluorobenzoic acid hydrate 
There are further related hydrogen bonding patterns and structural build up in all three 
structures involving the benzoic acid and water molecules. In the benzoic acid cytosine 
molecular complex, there is a benzoic acid molecule tied to the cytosine chain on either 
side via a single hydrogen bond of a type N-H···O. In the other two related structures on 
the side with the cytosinium molecule, there is a water molecule tied to the chain via a 
single hydrogen bond and on the other side there is a 2-fluorobenzoic acid molecule tied to 
the chain with both of these bonds being of type N-H···O. 
In all of the structures, the benzoic acid molecules link several cytosine chains together. In 
the benzoic acid structure the benzoic acid molecule links two cytosine chains together via 
single hydrogen bonds to each chain involving the carboxylate group of the benzoic acid. 
The benzoic acid molecule hydrogen bonds to one cytosinium molecule in one chain and 
one neutral cytosine in the other chain and this completes a six molecule unit. However, in 
the 4-fluorobenzoic acid molecular complex, the water molecule acts as a spacer and sits in 
the middle of one of the bonds that the 4-fluorobenzoic acid molecule makes with one of 
the chains. This increases the bonding opportunities and results in a ladder structure being 
built via hydrogen bonding rather than weak interactions linking the six molecule units of 
the benzoic acid and cytosine molecular complex. These two structures are very similar 
despite the introduction of the water molecule. 
The 2-fluorobenzoic acid molecular complex is related by the fact that cytosine chains 
form  but  differs  significantly  in  the  role  of  the  2-fluorobenzoic  acid  co-molecules. 
However, the 2-fluorobenzoic acid molecules are still tethered to the neutral side of the 
cytosine chain and the water molecules are tethered to the cytosinium side of the chain in a 
similar manner to the 4-fluorobenzoic acid molecular complex.  
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3.5.4. Base-pair stacking and the influence of water 
 
In the benzoic acid cytosine molecular complex, different chains are linked together via the 
carboxylate group of the benzoic acid. The neutral benzoic acid hydrogen bonds to one of 
the oxygen atoms of the carboxylate group to stabilise the charge. Due to the benzoic acid 
only linking two chains there are only weak interactions linking separate six molecule units 
such as π-π stacking (Figure 3.45). 
 
Figure 3.45. The six membered block found in the molecular complex of cytosine and benzoic acid with 
the neutral benzoic acid tied to the block via a hydrogen bond. 
The water incorporated into two of the structures helps to create a link between multiple 
chains.  It  is  involved  in  both  the  2-fluorobenzoic  acid  and  the  4-fluorobenzoic  acid 
structures.    In  the  2-fluorobenzoic  acid  molecular  complex,  the  water  helps  to  form  a 
hydrogen bonded ring structure and from this unit many layers are linked together (Figure 
3.46).  In  the  4-fluorobenzoic  acid  structure  the  water  plays  a  more  simplistic  role 
combining with the benzoic acid to build up a backbone from which the structure can 
build, similar to that seen in the benzoic acid complex (Figure 3.47). The water acts as a 
hydrogen bond acceptor for a hydrogen bond from a cytosinium molecule in a chain and 
then hydrogen bonds to two separate benzoic acids as a donor.  
 
Figure 3.46. Ring shape helping to link several layers together via hydrogen bonding in the 2-
fluorobenzoic acid and cytosine molecular complex. 134 
 
 
Figure 3.47. Formation of ladder structure in the molecular complex of cytosine and 4-fluorobenzoic 
acid with the water molecule acting as a spacer. 
 
The 2-fluorobenzoic acid molecular complex shows a shorter stacking distance (3.132 Å) 
and  this  could  be  a  consequence  of  the  diffeering  construction  of  the  cytosine  chains.  
However, the base stacking distances  are broadly similar in all the complexes and the 
stacking  pattern  is  consistently  neutral  cytosine  molecules  stacked  upon  the  charged 
cytosinium molecules.  The water molecules acting as spacers do not significantly affect 
the base stacking. The stacking interactions all fall within the range 3.1 to 3.3 Å. 
3.5.5 The Anomalous Structure of the Cytosine with 3-Fluorobenzoic Acid Molecular 
Complex 
 
There is one structure that does not contain any similarities to the other structures and that 
is  the  3-fluorobenzoic  acid  with  cytosine  molecular  complex.  There  is  also  no  mixed 
protonation of the cytosine molecule in this structure; instead there is 100% transfer of a 
proton  from  the  3-fluorobenzoic  acid  to  the  cytosine.  This  structure  forms  a  hydrogen 
bonded ring directly  between the cytosinium and the 3-fluorobenzoate  molecules. This 
difference is down to the total hydrogen transfer, meaning there is not a neutral cytosine 
and a charged  cytosine  present in the structure  which makes the pseudo-Watson-Crick 
motif impossible to form. There are single hydrogen bonds from one cytosine to another 
but no homo base-pairing present in the structure. 
 
Figure 3.48. Formation of the hydrogen bonded ring in the molecular complex of 3-fluorobenzoic acid 
and cytosine. 135 
3.5.6 Stacking Interactions 
 
The stacking interactions in the three related structures are very similar. In each of these 
structures there is base-stacking with the homo-base paired chains stacking on top of each 
other. In all of the structures the side of the chain containing the neutral cytosine stacks on 
top of the charged side of another chain. As can be seen from Figure 3.49 none of the 
structures contain perfectly overlaid chains; they are staggered with respect to one another. 
This seems to be a common occurrence for structures that contain the homo-base paired 
chain. 
 
 
Figure 3.49 Base stacking interactions seen in the molecular complexes of (a) cytosine and benzoic acid, 
(b) cytosine and 2-fluorobenzoic acid hydrate and (c) cytosine and 4-fluorobenzoic acid hydrate 
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Table 3.11. Summary of crystallographic data for the molecular complexes of cytosine with benzoic acid and 2-,3- and 4-fluorobenzoic acid. 
  Compound  Cytosine and 
benzoic acid 
Cytosine and 2-
fluorobenzoic acid 
hydrate 
Cytosinium and 3-
fluorobenzoate 
Cytosine and 4-
fluorobenzoic acid 
Formula  C22 H22 N6 O6  C22 N6 F2 O7 H22  C11 N3 O3 F1 H10  C7 N6 F1 O5 H17 
Crystallisation 
Conditions 
Methanol, Room 
Temperature 
Methanol, Room 
temperature 
Methanol, Room 
Temperature 
Methanol, Room 
temperature 
Molecular weight / 
gmol
-1 
466.46  520.44  251.21  284.24 
Temperature (K)  100 K  100 K  100 K  100 K 
Space Group  P21/c  P-1  P21/c  P-1 
a (Å)  22.330(6)  7.3190(4)  10.0540(2)  6.7093(5) 
b (Å)  7.4333(2)  12.6542(8)  8.3894(2)  7.4670(6) 
c (Å)  12.8085(3)  13.1862(7)  13.8080(2)  17.6894(1) 
α (
o)  90  74.872(2)  90  87.774(4) 
β (
o)  92.461(1)  77.657(2)  110.284(1)  84.370(4) 
γ (
o)  90  86.658(2)  90  67.464(4) 
Volume (Å
3)  2124.35(9)  1151.68(8)  1092.44(4)  814.59(15) 
Z  4  2  4  2 
θ range (˚)  1-27.485  3.2-27.5  2.2-27.5  1.2-35.2 
Completeness  98.10%  98.70  99.80  95.00 
Reflections 
Collected 
28920  14252  19258  56320 
Independent  4887  5232  2495  6908 
Refln (obs.I>2 σ 
(I)) 
3174  4003  1693  5425 
Rint  0.0692  0.0272  0.634  0.0367 
Parameters  395  422  203  312 
GooF on F
2  1.020  1.084  1.022  1.048 
R1 (Observed)  0.049  0.045  0.043  0.045 
R1 (all)  0.093  0.061  0.083  0.060 
wR2 (all)  0.1059  0.133  0.098  0.130 137 
3.6. Molecular Complexes of 5-Fluorocytosine with Benzoic acid and the Series of 
Fluorobenzoic Acids 
 
The  structures  present  in  this  section  are  the  5-fluorocytosine  structures  with  the  co-
molecules used in the previous four structures. These structures contain little in the way of 
structural similarities with the non-fluorinated equivalent with different hydrogen bonded 
motifs  adopted  primarily  driven  by  a  change  in  the  hydrogen  transfer  present  in  these 
structures. 
3.6.1. 1:1 Molecular Complex of 5-Fluorocytosine and Benzoic acid 
 
5-Fluorocytosine and benzoic acid were dissolved in methanol in a 1:1 molar ratio and the 
solvent was allowed to evaporate slowly until crystals formed. The crystals were colourless 
with  a  block  shape  and  the  crystal  used  for  characterisation  by  X-ray  diffraction  had 
approximate dimensions of 0.3mm x 0.3mm x 0.3mm. Data were collected on a Bruker 
Apex  II  CCD  diffractometer  equipped  with  an  Oxford  Cryosystems  Helix  at  100K. 
Crystallographic data are summarised in Table 3.14 at the end of this Section. 
The molecular complex forms in a 1:1 ratio of 5-fluorocytosine to benzoic acid (Figure 
3.50). In this structure there is no hydrogen transfer and it is anhydrous. This means the 
pseudo-Watson-Crick  base  pair  cannot  be  formed  and  the  type  A  bonding  motif 
predominates (Section 1.10). The cytosine molecules form an extended chain in the ab 
direction through type A and type B hydrogen bonding motifs, which alternate along the 
chain (Figure 3.51). There is an inversion centre in the middle of each hydrogen-bonded 
unit. The hydrogen bonds that make up the type A base pair are both of length 2.963(2) Å 
and  the  hydrogen  bonds  making  up  the  type  B  base  pairing  motif  are  both  of  length 
2.794(2) Å, both of moderate strength. 
 
Figure 3.50. The asymmetric unit of the molecular complex of 5-fluorocytosine and benzoic acid. 
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Figure 3.51 Alternating type A (black box) and type B (red box) hydrogen bonding motifs creating an 
extended 5-fluorocytosine chain in the molecular complex of 5-fluorocytosine and benzoic acid. 
 
The  benzoic  acid  molecules  are  connected  to  the  main  cytosine  chain  through  three 
hydrogen bonds, two involving the hydroxyl oxygen of the carboxylic acid group: in the 
first, the benzoic acid acts as a proton donor to the carbonyl group on the cytosine (black in 
Figure 3.52); in the second, it acts as a proton acceptor from a neighbouring amine group 
of a second cytosine molecule (red in Figure 3.52). This second cytosine molecule also acts 
as a hydrogen bond acceptor through the fluorine atom, forming a C-H···F hydrogen bond 
to an aromatic hydrogen on the benzoic acid molecule (green box, Figure 3.52). There is an 
additional C-H···O hydrogen bond from a third cytosine molecule to the carbonyl oxygen 
of the carboxylic acid group (blue in Figure 3.52). 
 
Figure 3.52. Hydrogen bonds found in the molecular complex of 5-fluorocytosine and benzoic acid. 
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Table 3.12 Hydrogen bonds in the molecular complex of 5-fluorocytosine and benzoic 
acid with hydrogen bond distances colour coded with Figure 3.52. 
Hydrogen bond tethering the benzoic acid to 
the cytosine chain (atom of benzoic acid first) 
D···A length of the 
hydrogen bond (Å) 
1. O-H---O  2.671(2) Å 
2. O---H-N  2.900(2) Å 
3. C-H---F  3.253(2) Å 
4. O---H-C  3.064(2) Å 
 
 
 
 
Figure 3.53. Extended cytosine chain with benzoic acid molecules tied to the chain (left) via a moderate 
strength [130]  O-H···O hydrogen bond in the molecular complex of 5-fluorocytosine and benzoic acid. 
 
The shortest of these hydrogen bonds is between the hydroxyl oxygen of the benzoic acid 
and the oxygen of the cytosine with an O···O distance of 2.671(2) Å and is of moderate 
strength. The benzoic acid molecule itself is not planar with the carboxylic acid group 
twisted out of the plane of the benzene ring by approximately 24°.  The carboxylic acid 
group of the benzoic acid molecule is approximately co-planar with the cytosine chain 
(Figure 3.54).   
 
Figure 3.54. The planar nature of the cytosine chains in the molecular complex of 5-fluorocytosine and 
benzoic acid. 
 
The fluorine on the 5-fluorocytosine molecule plays a connecting role between cytosine 
chains forming a hydrogen bond with the aromatic hydrogen in the four position of the 
benzoic acid on a neighbouring chain which is tilted at approximately 65° to the original 
chain (Figure 3.55).  This C-H···F hydrogen bond is of C···F distance of 3.321(2) Å. Again, 140 
the fluorine acts as a link between separate chains but does not interrupt the strong base 
pairing (Figure 3.56).  
 
 
Figure 3.55. Fluorine interactions to the cytosine chain in the molecular complex of 5-fluorocytosine 
and benzoic acid. 
 
 
 
Figure 3.56. Fluorine interactions between separate chains in the molecular complex of 5-
fluorocytosine and benzoic acid. 
 
 
Figure 3.57. Orientation of chains (red) that are connected to a second chain (black) in the molecular 
complex of 5-fluorocytosine and benzoic acid. 
 
There are several stacking interactions in this structure. The first stacking interaction is 
between two benzoic acid molecules (Figure 3.58) and this is staggered in nature with the 
two molecules not overlaying perfectly. The stacking interaction is approximately 3.178 Å 
in distance. The next stacking interaction is between a 5-fluorocytosine molecule and a 
benzoic  acid  molecule  stacked  immediately  on  top  of  it.  These  molecules  are  also 
staggered in relation to one another. The stacking interaction distance is approximately 141 
3.199 Å. The third stacking interaction is present, between a 5-fluorocytosine molecule and 
the  benzoic  acid  molecule  stacked  immediately  below  this.  This  stacking  interaction 
distance is approximately 3.189 Å. 
 
 
Figure 3.58. Stacking interactions (left) and close up of base stacking interaction (right) found in the 
molecular complex of 5-fluorocytosine and benzoic acid. 
 
The final stacking interaction is a base stacking interaction between two 5-fluorocytosine 
molecules. The 5-fluorocytosine molecules stacked on top of each other do not line up as 
one is flipped by 180 degrees relative to the other as seen in Figure 3.58, right. This means 
that the bases are staggered and do not overlay exactly. The stacking interaction found here 
was of approximate distance 3.268 Å. 
3.6.2. 1:1 Molecular Complex of 5-Fluorocytosine and 2-Fluorobenzoic acid 
 
5-Fluorocytosine and 2-fluorobenzoic acid were dissolved in methanol in a 1:1 molar ratio 
and the solvent was allowed to evaporate slowly until crystals formed. The crystals were 
colourless with a block shape and the crystal used for characterisation by X-ray diffraction 
had  approximate  dimensions  of  0.3mm  x  0.3mm  x  0.3mm.  Data  were  collected  on  a 
Bruker Apex II CCD diffractometer equipped with an Oxford Cryosystems Helix at 100K. 
Crystallographic data are summarised in Table 3.14. 
The molecular complex forms in a 1:1 ratio of 5-fluorocytosine to benzoic acid. Again, 
there is no hydrogen transfer and the two pseudo-Hoogsteen motifs predominant in the 
same manner as for the benzoic acid 5-fluorocytosine molecular complex.  This creates the 
alternating type A and type B base paired chains along the ab direction. 142 
 
Figure 3.59. Asymmetric unit of the molecular complex of 5-fluorocytosine and 2-fluorobenzoic acid. 
 
 
Figure 3.60. The alternating type A (red) and type B (black) base pairing in the molecular complex of 
5-fluorocytosine with 2-fluorobenzoic acid. 
 
The 2-fluorobenzoic acid molecules play the same role as before, but this time the O-H···O 
hydrogen bond between the carboxylic  acid  group of the 2-fluorobenzoic acid and the 
cytosine oxygen atom is much shorter with an O···O distance of 2.556 (1) Å (blue in Figure 
3.61).  Consequently the weak C-H···O hydrogen bond to a neighbouring 5-fluorocytosine 
molecule in the chain is longer at 3.318 (2) Å (orange in Figure 3.61) and a bifurcated 
hydrogen bond from the amine group on the 5-fluorocytosine is formed to the fluorine 
atom and the hydroxyl oxygen of the carboxylic acid group (black in Figure 3.61). This 
creates a moderate strength N-H···F hydrogen bond with an N···F length of 3.150 (1) Å 
(green in Figure 3.61). This time, the carboxylic acid group is not co-planar to the cytosine 
chain  and  this  allows  a  second  C-H···O  hydrogen  bond  to  be  formed  to  the  carbonyl 
oxygen  on  the  2-fluorobenzoic  acid  molecule  of  a  neighbouring  chain.  This  second 
hydrogen  bond  is  of  moderate  strength  and  has  a  C···O  length  of  2.925  (1)  Å.    The 
carboxylic acid group is twisted by approximately 50° to the plane of the benzene ring and 143 
this allows the formation of an F···F interaction to a 5-fluorocytosine in the same chain of 
length 2.721 (2) Å (red in Figure 3.61).  It is the combination of two fluorine interactions 
that causes the 2-fluorobenzoic acid molecule to sit at the angle it does relative to the 5-
fluorocytosine chain. This means that the 2-fluorobenzoic acid molecule is tied to the chain 
via three hydrogen bonds and one F···F interaction (Figure 3.62). 
 
 
Figure 3.61. Hydrogen bonds connecting the benzoic acid to the 5-fluorocytosine chain in the 
molecular complex of 5-fluorocytosine and 2-fluorobenzoic acid. 
Table  3.13.  Hydrogen  bonds  in  the  molecular  complex  of  5-fluorocytosine  and  2-
fluorobenzoic acid with bond distances colour coded with Figure 3.61. 
Hydrogen bond tethering the benzoic acid to 
the cytosine chain (atom of benzoic acid first) 
Length of the bond (Å) 
1. F···F  2.721 (2) Å 
2. N-H···F  3.150 (1) Å 
3. O-H···O  2.556 (1) Å 
4. O···H-C  3.318 (2) Å 
5. N-H···O  2.925 (1) Å 
 
 
 
Figure 3.62. Extended chain (left) and the main connection between the 2-fluorobenzoic acid and the 5-
fluorocytosine chain (right) in the molecular complex of 5-fluorocytosine and 2-fluorobenzoic acid. 
The benzoic acid molecule here is not co-planar with the 5-fluorocytosine chain in the 
same manner as the 5-fluorocytosine and benzoic acid molecular complex. In this case the 
entire 2-fluorobenzoic acid molecule is twisted out of the plane in which the homo-base 
paired chain lies (Figure 3.63).  144 
 
Figure 3.63. Planarity of the 5-fluorocytosine chain and the twisting of the 2-fluorobenzoic acid with 
respect to this in the molecular complex of 5-fluorocytosine and 2-fluorobenzoic acid. 
The presence of a fluorine atom on both molecules in the structure helps to produce a 
stronger link between the 2-fluorobenzoic acid molecules and the chains to which they are 
directly hydrogen bonded (Figure 3.64). This increased connectivity comes from the F···F 
interaction that was not possible in the related 5-fluorocytosine and benzoic acid structure. 
 
 
Figure 3.64. Fluorine interactions between the 5-fluorocytosine chain and the tethered 2-fluorobenzoic 
acid molecules in the molecular complex of 5-fluorocytosine and 2-fluorobenzoic acid. 
The fluorine atoms also play a role in linking parallel chains (Figure 3.65). These chains 
are connected via a fluorine interaction between the fluorine of a 2-fluorobenzoic acid 
molecule and the fluorine of a 5-fluorocytosine in the chain directly below. This F···F 
distance is 2.902 (1) Å and is less than the summed van der Waals radii of two fluorine 
atoms. However, this interaction may just be a consequence of other interactions such as 
stacking interactions pulling the chains closer together.  Further links between the chains 
are provided in the form of weak C-H···F hydrogen bonds from the hydrogen atom on the 
ring carbon in the 5 position on the 2-fluorobenzoic acid to the fluorine atom of a 5-
fluorocytosine molecule. This has a C···F length of 3.574 (1) Å.  145 
 
 
Figure 3.65. Fluorine interactions linking separate chains (left) and the orientation of the chains 
connected via these fluorine interactions (right) in the molecular complex of 5-fluorocytosine and 2-
fluorobenzoic acid. 
 
Figure 3.66. Stacking interactions between separate 5-fluorocytosine homo-base paired chains in the 
molecular complex of 5-fluorocytosine and 2-fluorobenzoic acid. 
 
There are once again base stacking interactions in this structure (Figure 3.66), however in 
this  case  there  is  only  one  stacking  distance.  The  stacking  interactions  found  here  are 
staggered in nature as the chains do not run in the same direction and do not overlay well. 
The stacking interactions found were seen to be of approximate length 3.221 Å. 
 
3.6.3. 1:1 Molecular Complex of 5-Fluorocytosine and 3-Fluorobenzoic acid Solvate 
 
5-Fluorocytosine and 3-fluorobenzoic acid were dissolved in methanol in a 1:1 molar ratio 
and the solvent was allowed to evaporate slowly until crystals formed. The crystals were 
colourless with a block shape and the crystal used for characterisation by X-ray diffraction 
had  approximate  dimensions  of  0.5mm  x  0.5mm  x  0.4mm.  Data  were  collected  on  a 
Bruker Apex II CCD diffractometer equipped with an Oxford Cryosystems Helix at 100K. 
Crystallographic data are summarised in Table 3.14. 
The molecular complex forms in a 1:1 ratio of cytosine to benzoic acid. There are two 
molecules in the asymmetric unit, and the crystal belongs to the space group P-1 with four 146 
molecules in the unit cell. There is no hydrogen transfer in this structure (Figure 3.67).  
The 3-fluorobenzoic acid molecule exhibits orientational disorder over two positions. 
 
Figure 3.67. The asymmetric unit of the molecular complex of 5-fluorocytosine and 3-fluorobenzoic 
acid. 
As a result of the structure having no hydrogen transfer, the base pairing is again of the 
pseudo-Hoogsteen type, again forming  chains of 5-fluorocytosine with  alternating base 
pairing (Figure 3.68).  The N···N distances of the type A base pair are both of equivalent 
length of 2.994(2) Å making them of moderate strength. There is an inversion centre in the 
middle of the base pair so the bonds are of equal length.  The other base-pairing motif 
involves the oxygen on the cytosine and the protonated nitrogen in the ring of the cytosine. 
The hydrogen bonds are once again of moderate strength and have an N···O distance of 
2.812(2) Å and are equal once again as there is an inversion centre in the middle of the 
base-pairing motif. 
 
Figure 3.68. The alternating type A (black) and type B (red) base pairing in the molecular complex of 
5-fluorocytosine with 3-fluorobenzoic acid. 
 
 
 
Figure 3.69. Extended homo-base paired chain with 3-fluorobenzoic acid molecules connected to the 5-
fluorocytosine chain in the molecular complex of 5-fluorocytosine and 3-fluorobenzoic acid. 147 
The 3-fluorobenzoic acid molecule is connected to the 5-fluorocytosine chain in a similar 
manner  to  that  of  the  benzoic  acid  and  2-fluorobenzoic  acid  complexes  (Figure  3.69).  
There is an O-H···O hydrogen bond from the hydroxyl oxygen of the carboxyl group to the 
oxygen on the 5-fluorocytosine. This hydrogen bond is of moderate strength and has an 
O···O distance of 2.594(2) Å, a similar length to that observed in the 2-fluorobenzoic acid 
molecular  complex.    In  addition,  there  is  an  N-H···O  hydrogen  bond  to  this  hydroxyl 
oxygen from the amine group of the 5-fluorocytosine. This hydrogen bond is of moderate 
strength and has an N···O length of 2.898(2) Å. There is also a weak C-H···F hydrogen 
bond between an aromatic hydrogen atom on the 3-fluorobenzoic acid and the fluorine 
atom on the 5-fluorocytosine molecule in the layer below of C···F length 3.478(1) Å. 
The 3-fluorocytosine molecule is 75:25 disordered over two positions. This was identified 
by considering the peak height in a Fourier difference map and the bond distance to the 
second  peak  corresponding  to  the  minor  component.    The  proportion  of  disorder  was 
allowed to freely refine but restraints were used to force the C-F distance for the minor 
component to take a more realistic value. It was possible to refine the thermal parameter 
for the major component anisotropically, however, the minor component could only be 
refined isotropically.  It  should also be noted that the thermal ellipsoids for the carbon 
atoms in the benzene ring around this disorder appear to be elongated indicating some 
libration or the potential for the ring to shift between two positions as a consequence of this 
disorder. 
The framework of the structure is completed through C-H···F hydrogen bonds of H---F 
distance of 3.485(2) Å between separate chains within the same plane involving the 75% 
occupied F atom on the 3-fluorobenzoic acid molecule (Figure 3.70). This constructs a 
hydrogen-bonding pattern that resembles a base-pair motif and there is an inversion centre 
located in the centre of this motif.  
 
 
Figure 3.70. Fluorine interactions linking separate chains in the molecular complex of 5-fluorocytosine 
and 3-fluorobenzoic acid. 148 
 
Figure 3.71. Separate chains linked via hydrogen bonds in the molecular complex of 5-fluorocytosine 
and 3-fluorobenzoic acid (green represents the hydrogen bonds that make use of the fluorine atoms 
and the red and black represent separate chains). 
 
The structure as a whole is layered and forms a ladder structure with the 3-fluorobenzoic 
acid  molecules  making  up  the  rungs.  This  framework  of  5-fluorocytosine  base  paired 
chains and hydrogen bonded 3-fluorobenzoic acid molecules results in a large  channel 
running along the a-axis.  A large amount of residual electron density is located in the 
channels but it was not possible to resolve the disordered solvent contained within them. 
The channels could contain either methanol or water and there are no strong hydrogen 
bonding interactions possible between the solvent in the channel and the framework. The 
program SQUEEZE [132] was therefore used to remove this electron density and estimate 
the amount of residual electron density contained within these channels. In the case of the 
3-fluorobenzoic acid and 5-fluorocytosine molecular complex there were 36 unaccounted 
electrons present in the void in the complex. The crystal structure was grown in methanol, 
therefore  it  is  likely  that  methanol  and/or  water  are  contained  in  the  channel.  The  36 
electrons could correspond to 2 molecules of methanol per void or 3 molecules of water or 
a combination of the two. 
 149 
 
Figure 3.72. TGA thermogram of the molecular complex of 5-fluorocytosine and 3-fluorobenzoic acid. 
 
The properties of the solvent contained within these channels was investigated by DSC and 
TGA. The TGA thermogram clearly shows a step in the weight loss between 80-100°C and 
a much smaller dip at around 70°C (Figure 3.72).  This would suggest that at least some of 
the solvent is removed from the sample prior to full decomposition. The DSC thermogram 
also supports the hypothesis that the disordered solvent is lost before the sample melts as 
there is a small peak at approximately 100°C and then a larger peak at around 150°C 
(Figure 3.73). This might suggest that the solvent is released first at 102.5°C and then the 
sample melts at the second peak at 148.4°C.  150 
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Figure 3.73. DSC thermogram of the molecular complex of 5-fluorocytosine and 3-fluorobenzoic acid. 
 
 
Figure 3.74 Spacefill representation of the molecular complex of 5-fluorocytosine and 3-fluorobenzoic 
acid showing the presence of a significant void at repeating intervals throughout the structure. 
 
The channel is approximately 7 Å at its smallest diameter and approximately 12 Å at its 
largest diameter (Figure 3.74). The disordered fluorine is also significant when considering 
the pores as the 25% occupied F atom points into the void and would be available to 
interact with the solvent contained there. All interactions with the solvent would, however 
be  weak  in  nature.  If  the  F  atom  on  both  of  the  neighbouring  3-fluorobenzoic  acid 
molecules constructing the rungs of the ladder were pointing in to the void, there would be 
no strong link between the 5-fluorocytosine chains. It is therefore likely that when the 
fluorine atom on one molecule is pointing into the centre of the void, the other fluorine on 
the neighbouring molecule must be making the link between the separate sides in the form 
of the C-H···F hydrogen bond. This would mean that the “base-paired” motif between the 151 
separate chains cannot exist 25% of the time as only one weak hydrogen bond will be 
formed between the two chains.   
 
 
Figure 3.75. Stacking interactions between 5-fluorocytosine chains in the molecular complex of 5-
fluorocytosine and 3-fluorobenzoic acid. 
 
The structure once again contains stacking interactions with the cytosine chains packing on 
top  of  each  other.  The  relative  positions  of  the  cytosine  chains  show  a  stagger  of 
approximately half a cytosine molecule (Figure 3.75). The stacking interactions can be 
classified  as  base-stacking  interactions  and  the  distance  between  the  layers  is 
approximately 3.278 Å. 
 
Figure 3.76. Stacking interactions between 3-fluorobenzoic acid molecules in the molecular complex of 
5-fluorocytosine and 3-fluorobenzoic acid. 
 
There are also stacking interactions between 3-fluorobenzoic acid molecules which are 
again  staggered  with  respect  to  one  another  with  an  approximate  spacing  of  3.389  Å 
between the layers. 
3.6.4. 1:1 Molecular Complex of 5-Fluorocytosine and 4-Fluorobenzoic acid Solvate 
 
5-Fluorocytosine and 4-fluorobenzoic acid were dissolved in methanol in a 1:1 molar ratio 
and the solvent was allowed to evaporate slowly until crystals formed. The crystals were 
colourless with a block shape and the crystal used for characterisation by X-ray diffraction 
had  approximate  dimensions  of  0.5mm  x  0.5mm  x  0.4mm.  Data  were  collected  on  a 152 
Bruker Apex II CCD diffractometer equipped with an Oxford Cryosystems Helix at 100K. 
Crystallographic data are summarised in Table 3.14. 
The molecular complex forms in a 1:1 ratio of 5-fluorocytosine to 4-fluorobenzoic acid. 
There are two molecules in the asymmetric unit, and the crystal belongs to the space group 
P-1 with four molecules in the unit cell. There is no hydrogen transfer (Figure 3.77).  The 
structure  is  isostructural  to  that  of  the  3-fluorobenzoic  acid  5-fluorocytosine  molecular 
complex. 
 
 
Figure 3.77. Asymmetric unit of the molecular complex of 5-fluorocytosine and 4-fluorobenzoic acid. 
 
The  two  different  pseudo-Hoogsteen  base-pair  motifs  are  again  found  with  N-H···N 
distances of 2.999(3) Å and N-H···O distances of 2.804(4) Å with an inversion centre in the 
middle of each motif (Figure 3.78).  These generate chains of 5-fluorocytosine molecules 
(Figure 3.79).  
 
 
Figure 3.78. The alternating type A and type B base pairing in the molecular complex of 5-
fluorocytosine with 4-fluorobenzoic acid. 
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Figure 3.79. Extended homo-base paired chain of 5-fluorocytosine with 4-fluorobenzoic acid molecules 
connected to the chain in the molecular complex of 5-fluorocytosine and 4-fluorobenzoic acid. 
 
The  4-fluorobenzoic  acid  molecular  complex  behaves  in  a  similar  manner  to  the  3-
fluorobenzoic acid with respect to the cytosine chain.  There is an O-H···O hydrogen bond 
from the hydroxyl oxygen of the carboxyl group to the oxygen on the 5-fluorocytosine. 
This bond is of moderate strength and is of length 2.597(2) Å, similar to that observed in 
the 2-fluorobenzoic acid molecular complex.  In addition, there is an N-H···O hydrogen 
bond also to this hydroxyl oxygen from the amine group of the cytosine. This bond is of 
moderate strength and is of length 2.901(2) Å. There is also a C-H···F hydrogen bond 
between an aromatic hydrogen atom on the benzoic acid and the fluorine atom on the 5-
fluorocytosine on the layer below which is of weak strength and has a C···F length of 
3.500(2) Å.  The  framework  is  completed  by  C-H···F  hydrogen  bonds  connecting  4-
fluorobenzoic acid molecules in separate, parallel chains (Figure 3.80). Just as in the 3-
fluorobenzoic acid molecular  complex, this constructs a hydrogen bonding pattern that 
resembles a base-pair motif. The C···F distance of these weak hydrogen bonds is 3.490(2) 
Å with the H---F distance being 2.545(1) Å. This again leads to layers and a framework 
that resembles a ladder with the benzoic acids making up the rungs (Figure 3.81). 
 
 
Figure 3.80. Fluorine interactions linking separate chains in the molecular complex of 5-fluorocytosine 
and 4-fluorobenzoic acid. 
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Figure 3.81. Separate chains linked via weak hydrogen bonds in the molecular complex of 5-
fluorocytosine and 4-fluorobenzoic acid (green represents the hydrogen bonds that make use of the 
fluorine atoms and the red and black represent separate chains). 
 
A channel penetrates through the structure along the a-axis in the same manner as that 
observed for the 3-fluorobenzoic acid 5-fluorocytosine molecular complex. A large amount 
of residual electron density was located in the channel but it was not possible to model the 
disordered solvent. Again, the likely solvent molecules are methanol or water. SQUEEZE 
[132] was therefore used to estimate the amount of residual electron density and to remove 
this electron density for the final refinement. There were 32 unaccounted for electrons 
present in the void in the structure. This again corresponds to approximately two methanol 
molecules or three water molecules per void. 
DSC and TGA were used to investigate the nature of the solvent contained within the 
channels and to investigate the structure itself. The TGA (Figure 3.82) and DSC (Figure 
3.83) results are less clear with regards to the 4-fluorobenzoic acid molecular complex 
when compared to those obtained for the 3-fluorobenzoic acid structure. In this structure 
there is a shoulder in the TGA and a peak in the DSC at roughly 100°C. This may suggest 
that the solvent is once again being lost; the TGA shows a continuous loss of mass from 
the  start  of  the  heating  procedure,  with  a  much  less  defined  shoulder.    The  DSC 
thermogram is also inconclusive with several events apparent with a sharp peak at 101.5°C 
and then a very broad event up until 180°C. Further work would be required on this system 
before any conclusions can be drawn. 
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Figure 3.82. TGA thermogram of the molecular complex of 5-fluorocytosine and 4-fluorobenzoic acid 
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Figure 3.83. DSC thermogram of the molecular complex of 5-fluorocytosine and 4-fluorobenzoic acid. 
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Figure 3.84. Spacefill representation of the molecular complex of 5-fluorocytosine and 4-fluorobenzoic 
acid showing the significant void. 
 
The channel is a significant proportion of the structure as a whole (Figure 3.84) with a 
minimum diameter of approximately 9 Å and a maximum diameter of approximately 13 Å 
at its largest distance.  
 
Figure 3.85. Stacking interactions found between 5-fluorocytosine chains in the molecular complex of 
5-fluorocytosine and 4-fluorobenzoic acid. 
 
In this structure, in the same manner as the previous structure, there are base-stacking 
interactions  present  between  two  separate  chains  of  homo-base  paired  cytosine  chains. 
These  chains  are  once  again  staggered  with  respect  to  one  another  (Figure  3.85).  The 
stacking  interactions  here  are  base-stacking  interactions  and  the  distance  between  the 
layers is approximately 3.280 Å. 
 
Figure 3.86. Stacking interactions found between 4-fluorobenzoic acid molecules in the molecular 
complex of 5-fluorocytosine and 4-fluorobenzoic acid. 
 
Similarly to the 3-fluorobenzoic acid structure there are stacking interactions between 4-
fluorobenzoic acid molecules (Figure 3.86). The molecules are staggered with respect to 
each other and the spacing between layers is approximately 3.412 Å. 157 
Table 3.14 Crystal structure information for the molecular complexes of 5-fluorocytosine with benzoic acid and 2-,3- and 4-fluorobenzoic acid 
  
 
Compound  5-Fluorocytosine and 
benzoic acid 
5-Fluorocytosine and 
2-fluorobenzoic acid 
5-Fluorocytosine and 
3-fluorobenzoic acid 
solvate 
5-Fluorocytosine and 
4-fluorobenzoic acid 
solvate 
Formula  C11 H10 N3 O3 F1  C11 H9 N3 O3 F2  C11 H9 N3 O3 F2  C11 H9 N3 O3 F2 
Crystallisation 
Conditions 
Methanol, Room 
Temperature 
Methanol, Room 
Temperature 
Methanol, Room 
Temperature 
Methanol, Room 
Temperature 
Molecular weight / 
gmol
-1 
251.21  269.20  269.20  269.20 
Temperature (K)  100 K  100 K  100 K  100 K 
Space Group  P21/n  C2/c  P-1  P-1 
a (Å)  9.0490(9)  28.7401(17)  3.6572(1)  3.6565(2) 
b (Å)  5.3698(5)  10.7454(6)  9.5056(2)  9.5304(5) 
c (Å)  22.4839(21)  7.1689(4)  19.3436(4)  19.3970(9) 
α (
o)  90  90  102.392(1)  77.867(2) 
β (
o)  93.031(6)  94.910(3)  90.146(1)  86.013(2) 
γ (
o)  90  90  97.157(1)  83.576(3) 
Volume (Å
3)  1090.99(4)  2205.80(6)  651.38(2)  655.96(4) 
Z  4  8  2  2 
θ range (˚)  1.8-28.3  1.4-34.0  1.1-27.5  2.2-27.5 
Completeness  99.80%  96.30%  99.50%  99.60% 
Reflections 
Collected 
34073  84038  14883  17805 
Independent  2686  4350  2988  3001 
Refln (obs.I>2 σ 
(I)) 
2218  3765  2632  1999 
Rint  0.0447  0.0381  0.0335  0.0630 
Parameters  203  208  209  208 
GooF on F
2  1.016  1.054  1.060  1.059 
R1 (Observed)  0.036  0.037  0.039  0.054 
R1 (all)  0.047  0.043  0.044  0.095 
wR2 (all)  0.097  0.106  0.118  0.128 158 
3.7 Comparison of the Molecular Complexes of 5-Fluorocytosine with Benzoic Acids 
and their Fluorinated Derivatives 
 
3.7.1.  Structural  Comparison  of  Molecular  Complexes  Formed  Between  5-
Fluorocytosine and Benzoic Acid and its Mono-Subsituted Fluoro Derivatives 
 
Some common trends in the series of related 5-fluorocytosine and benzoic acid molecular 
complexes can be identified, which are consistent in all four structures. Firstly, there is no 
hydrogen transfer to the unprotonated nitrogen in the 5-fluorocytosine molecule in any of 
the  structures  obtained.  Consideration  of  the   pKa  values  suggests  that  this  is  to  be 
expected as all of these are less than zero (Table 3.15). Secondly, all four structures in this 
series produce a molecular complex with a crystallisation ratio of 1:1. Two out of the four 
structures  do  not  contain  any  solvent  in  the  structure,  the  molecular  complexes  of  5-
fluorocytosine with benzoic acid and 2-fluorobenzoic acid, whilst the other two structures 
are solvates with solvent containing channels formed. All four complexes show the same 
chains comprised of only 5-fluorocytosine and involving two different base pairing motifs, 
a combination of type A and type B hydrogen bonding motifs.  
The two base-pairing types are homo base-pairing motifs that are made up of two hydrogen 
bonds forming hydrogen-bonded rings. Type A is made up of two N-H···N hydrogen bonds 
and type B is made up of two N-H···O hydrogen bonds. When a structure contains neutral 
cytosine or 5-fluorocytosine, these are the predominant motifs between equivalent parts of 
two cytosine molecules.  
Table 3.15.  pKa values, level of hydrogen transfer and the crystallisation ratio for the 
molecular  complexes  of  5-fluorocytosine  with  benzoic  acid  and  2-,  3-  and  4-
fluorobenzoic acid. 
Molecular 
complex 
 pKa  Hydrogen 
Transfer with 
respect to cytosine 
molecules 
Ratio 
5-fluorocytosine 
and benzoic acid 
-0.944  None  1:1 
5-fluorocytosine 
and 2-
fluorobenzoic acid 
-0.010  None  1:1 
5-fluorocytosine 
and 3-
fluorobenzoic acid 
-0.600  None  1:1 
5-fluorocytosine 
and 4-
fluorobenzoic acid 
-0.890  None  1:1 159 
3.7.2. Common Hydrogen Bonding Motifs 
 
With all the structures exhibiting no hydrogen transfer then the options available for the 5-
fluorocytosine molecule to base-pair in the four separate structures are the same. All four 
molecular complexes show the same formation of cytosine chains with alternating type A 
and B hydrogen bonding motifs (Figure 3.87).  The presence of fluorine does not affect 
these primary hydrogen bonding motifs. The differences in the structure are more to do 
with the orientation of the benzoic acid molecules and the subtle interactions that take 
place between separate chains in the structures. 
 
Figure 3.87. Type A and type B hydrogen bonding motifs seen in the extended homo-base paired 
chains in the molecular complexes of 5-fluorocytosine with benzoic acid and 2-,3- and 4-fluorobenzoic 
acid. 
3.7.3. The role of the benzoic acid molecule and fluorine interactions 
 
In  each  of  the  four  molecular  complexes,  benzoic  acid  molecules  are  tethered  to  the 
cytosine chain through a single hydrogen bond between the carboxylic acid group of the 
benzoic acid and the carbonyl  group of the 5-fluorocytosine molecule.   There are two 
significant  effects  of  fluorine  substitution  on  the  benzoic  acid  molecule:  firstly,  the 
orientation of the benzoic acid molecule relative to the cytosine chain; and secondly the 
torsion angle of the carboxylic acid group relative to the benzene ring of the benzoic acid 
molecule itself (Table 3.16). 
Table 3.16. Angle of the benzoic acid molecule with respect to the 5-fluorocytosine 
homo-base  paired  chains  for  the  molecular  complexes  of  5-fluorocytosine  with 
benzoic acid and 2-,3- and 4-fluorobenzoic acid 
  Benzoic 
acid 
2-Fluorobenzoic 
acid 
3-Fluorobenzoic 
acid 
4-Fluorobenzoic 
acid 
Angle 
between ring 
and chain 
24.43  50.09  28.99  29.87 
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In general, there is little variation in the angle of the benzene ring of the benzoic acid 
relative to the 5-fluorocytosine chain. The exception is the 2-fluorobenzoic acid molecular 
complex where there is a significantly larger angle.  This is the only structure that has 
fluorine-fluorine interactions between the 5-fluorocytosine molecules and the benzoic acid 
molecules  (Figure  3.88,  Figure  3.89),  and  this  is  enabled  by  the  inherently  close 
positioning  of  the  two,  a  consequence  of  the  2-substitution  on  the  benzoic  acid.  The 
distance of this fluorine fluorine interaction is 2.721(2) Å, which is significantly shorter 
than the sum of the van der Waals radii of 2.94 Å.  There is also an additional inter-chain 
N–H···F  weak  hydrogen  bond  with  the  same  fluorine  which  is  of  N···F  distance  of 
3.1492(9) Å. There is also a C–H···F weak hydrogen bond from the hydrogen in the 5 
position of the benzoic acid to the fluorine on the cytosine of a neighbouring chain and this 
bond is of C···F 3.574(1) Å. The combination of these three fluorine interactions can be 
considered to be the reason behind the benzoic acid ring orientation being at a larger angle 
to the cytosine chain than in the other structures.  
 
 
Figure 3.88. Fluorine interactions linking separate chains in the molecular complex of 5-fluorocytosine 
and 2-fluorobenzoic acid. 
 
 
Figure 3.89. Fluorine interactions linking separate chains in the molecular complex of 5-fluorocytosine 
and 2-fluorobenzoic acid showing extended chains (one represented by blue and one by green). 
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There are also fluorine-fluorine interactions between layers (Figure 3.90).  These distances 
are 2.902(2) Å and are shorter than the sum of the van der Waals radii (2.94 Å), although 
much weaker than the other fluorine-fluorine interactions. 
 
Figure 3.90. Fluorine interactions between the layers in the molecular complex of 5-fluorocytosine and 
2-fluorobenzoic acid. 
There is also π···π stacking between layers. In all of the structures there are base stacking 
interactions. All of the structures show a staggering of the layers which are base-stacked 
relative to each other with very similar distances between the layers (Table 3.17).  
Table 3.17. Comparison of the base stacking interactions for the molecular complexes 
of 5-fluorocytosine with benzoic acid and 2-,3- and 4-fluorobenzoic acid. 
Structure  Base-stacking 
interactions distances 
5-fluorocytosine and 
benzoic acid 
3.268 Å 
5-fluorocytosine and 2-
fluorobenzoic acid 
3.221 Å 
5-fluorocytosine and 3-
fluorobenzoic acid 
3.278 Å 
5-fluorocytosine and 4-
fluorobenzoic acid 
3.280 Å 
 
The other three structures do not have strong fluorine-fluorine interactions between the 
cytosine chains and the benzoic acid molecules hydrogen bonded to these chains. However 
fluorine  interactions  are  still  crucial  to  the  secondary  structural  aspects.    The  3-
fluorobenzoic acid and 4-fluorobenzoic acid molecular complexes are isostructural to one 
another, perhaps surprisingly. Despite the different position of the fluorine on the benzoic 
acid  ring,  the  5-fluorocytosine  chains  are  connected  to  one  another  through  the  same 
secondary building unit creating channels in which disordered solvent is present.  162 
 
 
Figure 3.91. Extended chains in the molecular complexes of 3-fluorobenzoic acid and 5-fluorocytosine 
(left) and 4-fluorobenzoic acid and 5-fluorocytosine (right). 
3.7.4. Isostructural molecular complexes of 3-fluorobenzoic and 4-fluorobenzoic acid 
with 5-fluorocytosine 
 
In the case of these two molecular complexes, the fluorine on the benzoic acid molecule is 
less sterically constrained and as a result is able to interact with benzoic acid molecules 
which are tethered to neighbouring chains. A pseudo-base-pair motif is formed between 
two benzoic acid molecules through two C–H···F hydrogen bonds with an inversion centre 
located in the centre of the dimeric unit. 
 
 
Figure 3.92. Extended chains linked together via fluorine included base-paired motif present in the 
molecular complexes of 3-fluorobenzoic acid and 5-fluorocytosine (left) and 4-fluorobenzoic acid and 
5-fluorocytosine (right). 
 
These pseudo-base-paired two molecule units form the rungs of a ladder connecting two 
cytosine  hydrogen  bonded  chains  (Figure  3.92).  Weak  hydrogen  bonds  hold  the  links 
together with C···F distances of 3.485(2) in the 3-fluorobenzoic acid molecular complex 
and 3.490(2) Å in the 4-fluorobenzoic acid molecular These interactions play a significant 
role in linking the chains (Figure 3.93, Figure 3.94) and create a porous structure with 
channels that run along the a-axis that is discussed further below. 
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Figure 3.93. Close up of fluorine base paired style motif linking separate chains in the 3-fluorobenzoic 
acid and 5-fluorocytosine (left) and the 4-fluorobenzoic acid and 5-fluorocytosine molecular complexes. 
 
 
Figure 3.94. Structure overlay of the 3-fluorobenzoic acid and 5-fluorocytosine molecular complex 
(green) and 4-fluorobenzoic acid and 5-fluorocytosine molecular complex (blue) showing the links 
between the chains. 
 
The similarity between the two 5-fluorocytosine chains with tethered hydrogen bonded 
benzoic acid molecules can be clearly seen by viewing a structural overlay of the two  
(Figure 3.95).  However, the change in position of the fluorine from the 3 to the 4 position 
results in differences between the two structures over longer length scales. 
 
 
Figure 3.95. Structure overlay of the 3-fluorobenzoic acid and 5-fluorocytosine molecular complex 
(green) and 4-fluorobenzoic acid and 5-fluorocytosine molecular complex (blue). 
 
In the 4-fluorobenzoic acid molecular complex, the two C–H···F hydrogen bonded benzoic 
acid molecules are staggered relative to one another whilst in the 3-fluorobenzoic acid 164 
molecular complex this shift is much less pronounced. This is the reason behind the small 
differences in the two structures. Both structures are porous and contain channels that have 
disordered  solvent  within  them  (Figure  3.96).  This  disordered  solvent  could  not  be 
modelled  and  so  the  program  SQUEEZE  [132]  was  used  to  estimate  and  remove  the 
electron density associated with the disordered solvent.  This is not surprising given the 
framework of the channels contains only weak hydrogen bond donors and acceptors in the 
form of aromatic hydrogen and fluorine atoms; any solvent might thus be expected to only 
be weakly bound.   In the case of the 3-fluorobenzoic acid there  are  approximately 36 
residual electrons contained within the pore. The crystals were grown in methanol and thus 
the pore could contain methanol or water; this equates to either 4 water molecules or 2 
methanol  molecules.  In  the  case  of  4-fluorobenzoic  acid  there  are  approximately  32 
residual electrons contained within the pore; this could equate to approximately 3 water 
molecules present or approximately 1.5 methanol molecules per channel. There is also the 
possibility that there is a mixture of water and ethanol within the channels. The channels in 
the  structure  are  significant  (Table  3.18);  the  4-fluorobenzoic  acid  molecular  complex 
contains a larger pore than that in the 3-fluorobenzoic acid molecular complex.  
 
 
Figure 3.96. Spacefill representation to show the voids present in the molecular complexes of 3-
fluorobenzoic acid and 5-fluorocytosine (left) and 4-fluorobenzoic acid and 5-fluorocytosine (right). 
Table 3.18. % of the unit cell made up of the void in the molecular complexes of 5-
fluorocytosine with 3-fluorobenzoic acid and 4-fluorobenzoic acid. 
  3-Fluorobenzoic acid and 
5-fluorocytosine 
4-Fluorobenzoic acid and 
5-fluorocytosine 
% of the Unit Cell made 
up by void 
15.4  18.6 
 
Thermogravimetric  analysis  (TGA)  was  used  to  investigate  the  nature  of  the  solvent 
contained within the channels. The loss of mass between 80-100°C in the 3-fluorobenzoic 
acid 5-fluorocytosine molecular complex shows the loss of solvent from the channels prior 
to decomposition of the framework structure. It could be that the small peak present around 
the 65-70
0C mark could be from methanol leaving the structure and the peak around 80-165 
100
0C mark results from water leaving the structure. This result could point to the fact that 
there  would  be  methanol  and  water  present  in  the  void.  The  4-fluorobenzoic  acid  5-
fluorocytosine molecular complex shows a weight change at around 100
0C, however, it is 
unsure it this peak is due to the disordered solvent or merely the start of the decomposition 
of the sample. The DSC of each molecular complex might point to the fact that the crystal 
could have the solvent removed and then recover the crystal and retain the porous structure 
with the solvent no longer present in the voids. However, the results of the 3-fluorobenzoic 
acid  structure  are  far  more  comprehensive  than  the  results  obtained  from  the  4-
fluorobenzoic acid structure. 
3.7.5. Molecular Complex of Benzoic Acid and 5-Fluorocytosine 
 
The benzoic acid 5-fluorocytosine molecular complex is quite different to all of the other 
structures; the chains are linked together via C–H···F weak hydrogen bonds (Figure 3.97, 
left)  but  these  interactions  are  not  from  a  chain  lying  in  the  same  plane  but  with  a 
neighbouring chain oriented approximately 90° to the original chain (Figure 3.97, right). 
 
 
Figure 3.97. Fluorine interactions helping to link separate chains together in the 5-fluorocytosine and 
benzoic acid molecular complex. 
The  C···F  distance  of  the  interaction  is  3.321(2) Å  and  this  can  be  classed  as  a  weak 
hydrogen bond. This structure is much more closely packed than the 3-fluorobenzoic acid 
and  the  4-fluorobenzoic  acid  molecular  complexes,  with  no  porous  channels  formed. 
Figure 3.98 illustrates the layered nature of the 5-fluorocytosine benzoic acid molecular 
complex. 166 
 
Figure 3.98. Stacked layers in the 5-fluorocytosine and benzoic acid molecular complex. 
When comparing the layers in the four structures there appears to be two different classes; 
one class is the porous structure and the second are closely packed structures. The benzoic 
acid and 2-fluorobenzoic acid structures are similar to an extent in that both are very close 
packed structures in comparison to the other structures, and layers can be identified in 
both; however, the nature of these layers is quite different (Figure 3.99). 
 
Figure 3.99. Chains running perpendicular to each other in the molecular complex of 5-fluorocytosine 
and benzoic acid (left) and the stacked layers present in the 5-fluorocytosine and 2-fluorobenzoic acid 
molecular complex with no void in either structure. 
3.3 Conclusions 
 
There are some trends and some preferred bonding patterns that can be identified in the 
molecular  complexes  reported  in  this  chapter.  One  of  the  most  important  structure 
directing trends is to do with hydrogen transfer. In the structures that involve the cytosine 
molecule  it  appears  that  hydrogen  transfer  readily  occurs  whilst  this  is not  a  common 
occurrence when dealing with the 5-fluorocytosine molecule. In the molecular complexes 
involving the cytosine molecule, three out of the four structures have partial transfer (both 
charged  and  neutral  cytosine  molecules  present  in  the  structure)  and  this  directs  these 
structures  towards  forming  the  pseudo-Watson-Crick  hydrogen  bonding  motif.  The 
remaining  structure  contains  total  hydrogen  transfer  which  means  the  pseudo-Watson-
Crick bonding motif is not possible and this limits the structure to forming the hydrogen-
bonded ring motif. 167 
The  structures  containing  the  5-fluorocytosine  molecule  do  not  contain  any  hydrogen 
transfer and as a result are not capable of forming the pseudo-Watson-Crick bonding motif. 
All four structures here exhibit the same type A and type B hydrogen bonding motifs, 
which combine alternately to form an extended 5-fluorocytosine chain.  
From  the  work  reported  in  this  chapter  it  becomes  apparent  that  if  a  fluorine  atom  is 
present as a ring substituent, the most common type of interaction in which it will become 
involved will be weak hydrogen bonds. The fluorine hydrogen bonds appear in several 
structures  and  range  from  acting  as  a  link  between  layers  to  being  the  link  between 
adjacent chains. The fluorine atom can also be involved in several interactions with nearby 
molecules, with oxygen atoms for example, that add stability to the structure that has been 
originally constructed via the hydrogen bonded motifs discussed. The fluorine plays an 
important role in the structures in which it is present but the main interactions will be 
predominantly dependent on the original bonding motif adopted by the structure. 
In this chapter it has been seen that there are stacking interactions present in the structures. 
The predominant motif of stacking interactions will be staggered with the separate chains 
not lining up perfectly, which has been seen in the majority of the structures. The actual 
distances in the base stacking interactions can be seen to be very consistent with the values 
ranging from 3.1 to 3.3 Å. 
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Chapter  4.    Molecular  Complexes  of  Cytosine  and  5-Fluorocytosine  with 
Hydroxybenzoic Acids. 
Molecular  complexes  formed  between  cytosine  and  5-fluorocytosine  and  the  series  of 
mono-substituted hydroxybenzoic acids will be discussed in this chapter.  Proton transfer 
effects  and  the  dominant  hydrogen  bonding  motifs  will  be  described  along  with  an 
investigation into the effect of fluorination on the molecular complexes obtained. 
4.1. 1:1 Molecular Complex of Cytosinium Salicylicate 
 
The molecular complex of cytosinium salicylate has previously been reported [133]. The 
crystal structure will be discussed in detail in the context of the wider series to allow 
comparison with the related molecular complexes reported in this thesis.  
 
Figure 4.1. The heterodimer formed in the cytosinium salicylate molecular complex. 
This molecular complex shows hydrogen transfer from the carboxyl group of the salicylic 
acid molecule to the unprotonated nitrogen of the cytosine ring.  There are therefore two 
charged species in the structure; the salicylic acid has lost a hydrogen atom to form a 
salicylate ion and the cytosine has gained a hydrogen atom to create a cytosinium ion. Due 
to  the  100%  transfer  of  the  hydrogen,  the  pseudo  Watson  Crick  hydrogen  bond  motif 
cannot form. The next most common hydrogen-bonding pattern found in Chapter 3 in the 
absence of the pseudo Watson Crick the other possibility for this structure is the type A 
and  C  bonding  motif  between  pairs  of  cytosine/cytosinium  molecules  and  a  hydrogen 
bonded ring between cytosine/cytosinium and co-molecule. The type B hydrogen-bonding 
motif is also possible and this can occur in combination with the other primary bonding 
motifs. All of these hydrogen-bonding motifs involve two hydrogen bonds (Section 1.10). 
In this molecular complex, a hydrogen-bonded ring between the cytosinium and salicylate 
molecules is formed creating a heterodimer (Figure 4.1), and this hydrogen bonding pattern 
involves the two areas that are involved in the hydrogen transfer. 169 
The hydrogen bonds in this heterodimer are of N-H···O type and of moderate strength. The 
first hydrogen bond is between one of the hydrogen atoms on the amine group of the 
cytosinium  and  one  of  the  oxygen  atoms  on  the  carboxylate  group  and  has  an  N···O 
distance of 2.784(2) Å. The second has an N···O distance of 2.724(2) Å, and involves a 
protonated nitrogen of the cytosinium molecule and the other oxygen in the carboxylate 
group. There is also an intramolecular hydrogen bond that helps to stabilise the charge on 
the salicylate molecules between the hydroxyl group and one of the oxygen atoms in the 
carboxylate group. This hydrogen bond is strong with an O···O distance of 2.542(3) Å. 
 
Figure 4.2. The hydrogen bonding environment of the cytosinium ion in the cytosinium salicylate 
molecular complex. 
Each cytosinium molecule is involved in a total of five hydrogen bonds: two make up the 
heterodimer hydrogen-bonded ring, an additional one is formed to a different salicylate 
molecule,  and  two  are  formed  to  other  cytosinium  molecules  (Figure  4.2).  The  two 
hydrogen bonds between amine groups and carbonyl oxygens of cytosinium molecules are 
equivalent and of moderate strength with N···O distances of 2.872(1) Å. The cytosinium 
molecules are oriented approximately perpendicular to one another.  These hydrogen bonds 
create a stepped chain of heterodimers along the ac direction creating an L shape (Figure 
4.3), which has an angle at the centre of the L of ~90°. These chains are connected to one 
another  through  N-H···O  hydrogen  bonds  between  a  ring  nitrogen  and  the  carboxylate 
group on a neighbouring salicylate molecule (Figure 4.4 (b)). These hydrogen bonds are of 
moderate  strength  and  of  N···O  distance  of  2.693(2)  Å.  This  creates  a  herring-bone 
structure (Figure 4.4). 
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Figure 4.3. Chains of hydrogen bonded heterodimers in the cytosinium salicylate molecular complex. 
Figures 4.4, left and 4.5 highlight the presence of base-stacking between these L shaped 
chains. There is base stacking between the red chain and the blue chain, the green chain 
and the blue chain and the yellow and green chains, with two different layer spacings 
(Table 4.1).  The salicylate ions are parallel to one another in different planes and the 
cytosinium molecules are also parallel to one another.  However, the hydrogen bonded unit 
is not planar and so the planes generated by cytosinium molecules are not parallel to those 
generated by salicylate molecules. 
 
Figure 4.4. Left, the herringbone arrangement of hydrogen bonded L shaped chains.  All L shaped 
units are symmetry related; right, link between separate chains to create the L shape via moderate 
N-H···O hydrogen bonds. 
 
Figure 4.5. Base stacking in the cytosinium salicylate molecular complex.  The units are staggered with 
respect to one another and the planes are generated through salicylate molecules. 
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Table 4.1. Spacing between layers in the cytosinium salicylate molecular complex 
Layers  Distance between the layers (Å) 
Blue and Green  3.164 
Green and Blue  3.136 
 
The base stacking interactions are short and significant between the layers. The relative 
positioning of the molecules in the layers of green and yellow compared to green and blue 
can explain the slight differences between the distances between layers. The base units are 
staggered relative to one another in separate planes and the salicylate ions stack above the 
heterodimer hydrogen bonded rings in the shorter spacing and the hydrogen bonded rings 
stack  above  one  another  in  the  larger  spacing  with  a  cytosinium  molecule  above  a 
salicylate molecule and vice versa in both cases (Figure 4.5). There are only base stacking 
interactions present between the yellow and green layer and the blue and red layer in the 
structure due to the orientation of the different layers. Figure 4.6 exemplifies this, with the 
nearest molecules to the original pair being perpendicular to the original. This means there 
cannot be any stacking interaction between green and blue. This means that there are only 
two unique stacking interactions present between the layers and the blue and green layers 
present in Figure 4.5 show this. 
 
Figure4.6. The herringbone arrangement of the hydrogen bonded L shaped chains with weak 
hydrogen bonds linking molecules to either end of the chains. 
The L shaped units are also connected to one another by weak C-H···O hydrogen bonds 
(Figure 4.6). At the tips of the L shaped units, the hydrogen bond is between the hydrogen 
in the para position to the carboxylate group of the salicylate molecule and the oxygen 
atom on a nearby cytosinium molecule (yellow dashed lines in Figure 4.6) with a C···O 
distance of 3.527(3) Å. At the apex of each L shaped unit, there is a second weak hydrogen 
bond between an aromatic ring carbon of a cytosinium molecule to the oxygen atom of the 
hydroxy group of a salicylate molecule (blue dashed lines in Figure 4.6).  This has a C···O 
distance of 3.514(3) Å. 172 
Table 4.2.  Crystallographic data for the molecular complexes of cytosine and 5-fluorocytosine with salicylic acid and 5-fluorosalicylic acid 
Compound  Cytosinium salicylate 
*Data collected by 
S.M. Harte [133]. 
5-Fluorocytosinium 
salicylate 
Cytosinium 5-
fluorosalicylate  
5-Fluorocytosine and 5-
fluorosalicylic acid 
hydrate 
Cytosine and 5-
fluorosalicylic acid 
hydrate 
Formula  C11 H11 N3 O4   C11 N3 O4 H10 F1  C11 H10 N3 O4 F1  C15 H17 N6 O7 F3   C16 H15 N6 O7 F1 
Crystallisation Conditions  Methanol, Room 
Temperature 
Methanol, Room 
Temperature 
Methanol, Room 
Temperature 
Methanol, Room 
Temperature 
Methanol, Room 
Temperature 
Molecular weight / gmol
-1  249.22  267.21  267.2  450.33  422.33 
Temperature (K)  100 K  100 K  100 K  100 K  100 K 
Space Group  P21/n  P21/n  P21/n  P-1  P-1 
a (Å)  9.6425(3)  7.8518(17)  8.3534(7)  8.8996(1)  8.8791(6) 
b (Å)  8.4698(3)  10.6457(24)  10.1434(7)  10.3492(2)  10.2957(8) 
c (Å)  13.9021(4)  13.3065(29)  13.1203(10)  11.3601(2)  11.1479(10) 
α (
o)  90  90  90  101.195(1)  98.713(3) 
β (
o)  109.887(2)  100.041(15)  101.860(4)  108.857(1)  109.424(4) 
γ (
o)  90  90  90  103.707(1)  104.547(4) 
Volume (Å
3)  1067.68(6)  1095.23(65)  1087.98(9)  919.30(7)  1079.81(2) 
Z  4  4  4  2  2 
θ range (˚)  2.256-30.034  2.5-33.6  2.6-27.5  2.0-25.0  2.005-30.252 
Completeness  99.60%  99.50%  99.60%  99.70%  97.50% 
Reflections Collected  11646  34882  19935  16926  10619 
Independent  3101  4028  2461  3246  5211 
Refln (obs.I>2 σ (I))  2309  2809  1884  2826  3205 
Rint  0.173  0.109  0.0452  0.0409  0.0452 
Parameters  164  212  212  348  212 
GooF on F
2  0.9502  1.094  1.039  1.034  1.039 
R1 (Observed)  0.065  0.094  0.033  0.031  0.0672 
R1 (all)  0.0829  0.061  0.051  0.039  0.091 
wR2 (all)  0.2015  0.208  0.093  0.083  0.1332 173 
4.2. 1:1 Molecular Complex of 5-Fluorocytosinium Salicylate [134] 
 
The molecular complex of 5-fluorocytosinium salicylate has also been previously reported 
[133,134].  This structure has been redetermined at 100K to allow direct comparison of the 
hydrogen bonding parameters with the other molecular complexes reported in this thesis 
and also to confirm the position of the hydrogen atoms at low temperatures. 
5-Fluorocytosine and salicylic acid were dissolved in methanol in a 1:1 molar ratio and the 
solvent was allowed to evaporate slowly until crystals formed. The crystals were colourless 
with  a  block  shape  and  the  crystal  used  for  characterisation  by  X-ray  diffraction  had 
approximate dimensions of 0.3mm x 0.4mm x 0.4mm. Data were collected on a Bruker 
Apex II CCD diffractometer equipped with an Oxford Cryosystems Helix at 100K. The 
molecular complex forms in a 1:1 ratio and crystallographic data are given in Table 4.2.   
This molecular complex shows 100% hydrogen transfer from the salicylic acid to the 5-
fluorocytosine, from the carboxyl group of the salicylic acid to the unprotonated nitrogen 
of  the  cytosine  ring.  There  are  therefore  two  charged  species  in  the  structure,  a  5-
fluorocytosinium  ion  and  a  salicylate  ion.  A  hydrogen-bonded  ring  between  the  5-
fluorocytosine  and  the  salicylic  acid  is  formed  generating  a  heterodimer  (Figure  4.7) 
similar to that found in the cytosinium salicylate molecular complex (Section 4.1).  
 
Figure 4.7. 5-Fluorocytosinium salicylate hydrogen bonded heterodimer. 
The  hydrogen  bonds  comprising  this  hydrogen-bonded  ring  are  of  N-H···O  type  and 
moderate strength. The first hydrogen bond is between one of the hydrogen atoms on the 
amine group of the 5-fluorocytosinium and one of the oxygen atoms on the carboxylate 
group and has an N···O distance of 2.751(2) Å. The second hydrogen bond has an N···O 
distance of 2.770(2) Å, and involves a protonated ring nitrogen of the 5-fluorocytosinium 
molecule and the other oxygen in the carboxylate group. There is also an intramolecular 
hydrogen bond that helps to stabilise the charge on the salicylate molecule. This hydrogen 
bond is strong in strength and is has an O···O distance of 2.550(2) Å. 174 
Similarly to the cytosinium salicylate molecular complex, the 5-fluorocytosinium molecule 
is involved in a total of five hydrogen bonds: two make up the heterodimer hydrogen 
bonded ring, an additional one is formed to a different salicylate molecule, and two to two 
separate 5-fluorocytosinium molecules (Figure 4.8). The salicylate ions are parallel to one 
another in different planes and the 5-fluorocytosinium molecules are also parallel to one 
another.  However, the hydrogen-bonded unit is not planar and so the planes generated by 
5-fluorocytosinium molecules are not parallel to those generated by salicylate molecules. 
 
Figure 4.8. The hydrogen bonds involving a 5-fluorocytosinium molecule in the molecular complex of 
5-fluorocytosinium salicylate. 
 
 
Figure 4.9. Left, chain of hydrogen bonded heterodimers in the 5-fluorocytosinium salicylate molecular 
complex; right, the herringbone structure of hydrogen bonded L shaped chains. 
The  hydrogen  bonds  between  the  amine  groups  and  the  carbonyl  oxygens  of  5-
fluorocytosinium molecules are once again equivalent and of moderate strength with N···O 
distances  of  2.871(1)  Å.  The  5-fluorocytosinium  molecules  connected  through  this 
hydrogen bond lie approximately perpendicular to one another to create a stepped chain of 
heterodimers along the ac direction again creating an L shape (Figure 4.9), which has an 
angle of ~117° at the centre of the L shape, considerably more obtuse than that found in the 
cytosinium salicylate molecular complex (~90°). These chains are linked to one another 
via  N-H···O  hydrogen  bonds  between  a  ring  nitrogen  and  the  carboxylate  group  on  a 
neighbouring  salicylate  molecule  (Figure  4.8).  These  hydrogen  bonds  are  of  moderate 175 
strength and have an N···O distance of 2.701(2) Å. This, once again, creates a herring-bone 
structure (Figure 4.9, right). 
 
Figure 4.10. Base-stacking in the 5-fluorocytosinium salicylate molecular complex. 
 
Figure 4.10, much like Figure 4.5 for the non-fluorinated structure, helps to illustrate the 
presence of base-stacking in the structure. The base stacking is clearly evident between the 
blue and green planes.  The separation of these base stacked layers is approximately 3.208 
Å  and  3.150  Å,  representing  significant  interactions.  There  is  only  base  stacking 
interactions present between the yellow and green layer and the blue and red layer in the 
structure due to the orientation of the different layers. Figure 4.10 exemplifies this, with 
the nearest molecules to the original pair being perpendicular to the original. This means 
there cannot be any stacking interaction between green and blue. This means that there are 
only two unique stacking interactions present between the layers; the blue and green layers 
present in Figure 4.10 show this. Again the base units are staggered relative to one another 
in separate planes and the salicylate ions stack above the heterodimer hydrogen bonded 
rings in the shorter spacing and the hydrogen bonded rings stack above one another in the 
larger spacing with a cytosinium molecule above a salicylate molecule and vice versa. The 
presence  of  a  fluorine  atom  does  not  disrupt  the  base-stacking.  However,  there  is  a 
fluorine-fluorine interaction between the green and blue layers (F···F distance of 2.710 Å) 
which could contribute to the large difference between the distances of the green / blue and 
yellow / green separations (Table 4.3). 
Like the non-fluorinated molecular complex, there is a weak C-H···O hydrogen bond at the 
tips of the L shaped unit (Figure 4.11).  This hydrogen bond is from a para hydrogen atom 
of the salicylate molecule to the carbonyl oxygen of a cytosinium molecule in the case of 
the  cytosinium  salicylate  molecular  complex.    However  in  the  5-fluorocytosinium 
salicylate molecular complex, this hydrogen bond is from a meta aromatic hydrogen atom 
to an oxygen of the carboxylate group on the salicylate molecule.  Thus both the molecules 
involved, and the relative orientation of this hydrogen bond, are different between these 176 
two complexes.  The C-H···O hydrogen bond distance is 3.462(2) Å, which is shorter than 
that found in the non-fluorinated complex (3.527(3) Å). 
 
Figure 4.11. Molecules hydrogen bonded to the tips of the L-shape created by the pairs of left, 
cytosinium salicylate and right, 5-fluorocytosinium salicylate molecular complexes. 
 
Figure 4.12. Base-stacking interactions and fluorine interactions in the molecular complex of 5-
fluorocytosinium salicylate.  The fluorine interactions are represented by purple dashed lines and the 
base stacking interactions by luminous orange dashed lines. 
The  sole  difference  between  the  crystallisation  components  is  the  fluorination  of  the 
cytosine molecule.  Therefore the presence of this fluorine atom could be considered to be 
the driving force behind the differences between the crystal structures of the two. There are 
two fluorine interactions in this molecular complex (Figure 4.12). The first interaction is a 
fluorine-fluorine interaction between two separate layers in addition to the base stacking.  
This is between the shortest spaced layers. The fluorine interaction between the layers is 
from  one  5-fluorocytosinium  molecule  to  another.  This  interaction  is  of  F···F  length 
2.744(2) Å which is within the sum of the van der Waals radii for two fluorine atoms of 
2.94  Å.  The  second  fluorine  interaction  is  a  C-H···F  weak  hydrogen  bond  between  a 
salicylate molecule and a 5-fluorocytosinium molecule within the same layer. This has a 
C···F distance of 3.278(2) Å. This interaction forms in preference to the C-H···O hydrogen 
bond found in the cytosinium salicylate molecular complex (Figure 4.13). The differences 
between the structures can be attributed to the presence of the fluorine atom and explain 
why these two complexes are not isostructural. 177 
 
 
Figure 4.13. Influence of the fluorine atom in the hydrogen bonding in the related structures of 5-
fluorocytosinium salicylate (left) and cytosinium salicylate (right). 
 
4.3. 1:1 Molecular Complex of Cytosinium 5-Fluorosalicylate 
 
Cytosine and 5-fluorosalicylic acid were dissolved in methanol in a 1:1 molar ratio and the 
solvent was allowed to evaporate slowly until crystals formed. The crystals were colourless 
with  a  block  shape  and  the  crystal  used  for  characterisation  by  X-ray  diffraction  had 
approximate dimensions of 0.4mm x 0.4mm x 0.5mm. Data were collected on a Bruker 
Apex II CCD diffractometer equipped with an Oxford Cryosystems Helix at 100K. The 
molecular complex forms in a 1:1 ratio and crystallographic data are given in Table 4.2.   
A hydrogen atom is transferred from the 5-fluorosalicylic acid molecule to the cytosine 
molecule creating two charged species in the structure. A hydrogen-bonded heterodimer is 
formed  between  the  resultant  cytosinium  and  5-fluorosalicylate  molecules  as  in  the 
cytosinium and 5-fluorocytosinium salicylate molecular complexes (Figure 4.14).  
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Figure 4.14. Hydrogen bonded heterodimer formed in the cytosinium 5-fluorosalicylate molecular 
complex. 
The two N-H···O hydrogen bonds that make up this hydrogen-bonded ring are of moderate 
strength. The first is between the amine group of the cytosinium and the carboxylate group 
and has an N···O distance of 2.760(2) Å. The second has an N···O distance of 2.785(2) Å 
and is from a protonated ring nitrogen on the cytosinium to the carboxylate. There is also 
an intramolecular O-H···O hydrogen bond which helps to stabilise the charge on the 5-
fluorosalicylate molecule which is moderately strong with an O···O distance of 2.549(2) Å. 
The  5-fluorosalicylate  ions  are  parallel  to  one  another  in  different  planes  and  the 
cytosinium molecules are also parallel to one another.  However, the hydrogen bonded unit 
is not planar and so the planes generated by cytosinium molecules are not parallel to those 
generated by 5-fluorosalicylate molecules. 
 
 
Figure 4.15. Left. the hydrogen bonding environment of the cytosinium molecule in the cytosinium 5-
fluorosalicylate molecular complex; right, chain of hydrogen-bonded heterodimers. 
The cytosinium molecule is involved in a total of five hydrogen bonds: two make up the 
hydrogen  bonded  ring,  one  is  formed  with  a  5-fluorosalicylate  molecule,  and  two  are 
formed  with  other  cytosinium  molecules  (Figure  4.15).  The  hydrogen  bonds  between 
cytosinium  molecules  are  equivalent  and  between  the  amine  groups  and  the  carbonyl 
oxygen atoms with the cytosinium molecules aligned approximately perpendicular to one 
another as before. These hydrogen bonds are both of N···O distance of 3.040(2) Å and 
stepped chains of heterodimers are formed along the ac direction creating an L-shaped unit 
in  the  same  manner  as  those  formed  in  both  the  cytosinium  and  5-fluorocytosinium 179 
salicylate molecular complexes (Figure 4.15, right), with an angle of ~112° created at the 
centre of the L shape, intermediate between the other two related molecular complexes. 
The N···O distance here is much longer than those found in the two related structures.  This 
is  due  to  different  interactions  in  this  region  of  the  heterodimer;  in  the  cytosinium 
salicylate  and  5-fluorocytosinium  salicylate  molecular  complexes,  the  intermolecular 
interactions around this hydrogen bond are similar and thus the N···O distances are ~2.87 
Å. However, in the cytosinium 5-fluorosalicylate molecular complex, there is a C-H···O 
weak hydrogen bond from the hydrogen in the 4- position of a 5-fluorosalicylate molecule 
and the oxygen of one of the cytosine molecules making up the L shape (Figure 4.16). This 
hydrogen  bond  has  a  C···O  length  of  3.425(2)  Å.  The  second  interaction  consists  of 
fluorine interactions with the ring of the cytosine molecule. These interactions combine to 
move the cytosine slightly out of position in comparison to the other two structures to give 
an extended N···O distance.  
 
Figure 4.16. Fluorine interactions around the link between each arm of the L shape unit in the 
cytosinium 5-fluorosalicylate molecular complex. 
 
Figure 4.17. The herringbone structure of hydrogen bonded L shaped chains in the cytosinium 5-
fluorosalicylate molecular complex. 
These chains are linked to one another through N-H···O hydrogen bonds between a ring 
nitrogen and the carboxylate group on a neighbouring 5-fluorosalicylate molecule. These 180 
hydrogen bonds are of moderate strength and of N···O distance of 2.722(2) Å. This creates 
a herring-bone structure (Figure 4.17). 
Figure 4.18 clearly shows the presence of base-stacking in this molecular complex. This 
interaction has been present in all of the related structures with the bases in very similar 
orientation relative to one another. From here it can be seen that there is base stacking 
between a red chain and a blue chain, a green chain and another blue chain and a yellow 
and green chain. There are two layer spacings and these are approximately 3.139 and 3.121 
Å (Table 4.3). There is only base stacking interactions present between the yellow / green 
layer and the blue / red layer in the structure due to the orientation of the different layers. 
Figure  4.19  exemplifies  this,  with  the  nearest  molecules  to  the  original  pair  being 
perpendicular to the original. This means there cannot be any stacking interaction between 
green and blue. This means that there are only two unique stacking interactions present 
between the layers and the blue and green layers present in Figure 4.17 show this. 
 
Figure 4.18. Base-stacking in the cytosinium 5-fluorosalicylate molecular complex. 
Table 4.3 Comparison of the spacing between layers in the cytosinium salicylate, 5-
fluorosalicylate and cytosinium 5-fluorosalicylate molecular complexes. 
Layer Spacings (Å)  Cytosinium 
salicylate 
5-Fluorocytosinium 
salicylate  
Cytosinium  
5-fluorosalicylate 
Blue / Green  3.164  3.208  3.139 
Green / Blue  3.136  3.150  3.121 
 
Like the two other related structures, there is a core part of the structure that is very similar 
and the changes in the more extended structure are due to the presence of the fluorine 
substituent on one of the components.  At the tips of the L shaped unit, there are two C-
H···O hydrogen bonds between the para hydrogen atom of a 5-fluorosalicylate molecule 
and the oxygen of a cytosinium molecule.  The arrangement of these two elements relative 
to  each  other  is  almost  identical  to  that  found  in  the  cytosinium  salicylate  molecular 181 
complex.  The presence of the fluorine atom therefore does not disrupt this interaction. 
This hydrogen bond has an C···O distance of 3.475(2) Å (Figure 4.19). 
 
Figure 4.19. Molecules hydrogen bonded to the tips of the L-shape created by the pairs in the 
molecular complexes of (a), cytosinium salicylate, (b) 5-fluorocytosinium salicylate and (c) cytosinium 
5-fluorosalicylate. 
Table 4.4 Angle created at corner of L shape created in the three related structures. 
Molecular Complex  Angle between the pairs making the L shape (°) 
Cytosinium salicylate    90 
5-fluorocytosinium salicylate  117 
Cytosinium 5-fluorosalicylate  112 
 
However, the interactions at the apex of these L-shaped units are quite different.  The 
fluorine  of  the  5-fluorosalicylate  molecule  forms  a  DDHHA  bifurcated  weak  C-H···F 
hydrogen bond with an aromatic hydrogen on a cytosinium molecule in the same plane.  
The C···F distances are 3.027(2) for the major component and 3.078(3) Å for the minor 
component (Figure 4.20). The other interaction in which the fluorine is involved is an F···O 
close  contact  with  the  hydroxyl  group  of  a  5-fluorosalicylate  molecule  which  lies 
approximately perpendicular to it. This interaction has an F···O length of 2.925(2) Å and is 
within the sum of the van der Waals radii of 2.99 Å for fluorine and oxygen.  
(a)  (b) 
(c) 182 
 
Figure 4.20. Fluorine interactions in the molecular complex of cytosinium 5-fluorosalicylate. 
4.4. 2:1:2 Molecular Complex of 5-Fluorocytosine and 5-Fluorosalicylic Acid Hydrate 
 
5-Fluorocytosine and 5-fluorosalicylic acid were dissolved in methanol in a 1:1 molar ratio 
and the solvent was allowed to evaporate slowly until crystals formed. The crystals were 
colourless with a block shape and the crystal used for characterisation by X-ray diffraction 
had  approximate  dimensions  of  0.2mm  x  0.2mm  x  0.2mm.  Data  were  collected  on  a 
Bruker Apex II CCD diffractometer equipped with an Oxford Cryosystems Helix at 100K.  
The crystallographic data are given in Table 4.2. 
The molecular complex forms in a 2:1:2 ratio of 5-fluorocytosine to 5-fluorosalicylic acid 
to water. There are 5 molecules in the asymmetric unit, and the crystal belongs to the space 
group P-1. Whilst the ratio in the product is presented as 2:1:2, one cytosine has gained a 
hydrogen from the carboxyl group of the 5-fluorosalicylic acid essentially creating four 
different molecular species, two of which carry a charge: a neutral 5-fluorocytosine and a 
protonated 5-fluorocytosine (5-fluorocytosinium ion), a deprotonated 5-fluorosalicylic acid 
(5-fluorosalicylate), and two water molecules (Figure 4.21, left). 
 
Figure 4.21. Left, The asymmetric unit of the molecular complex showing proton transfer from one 5-
fluorosalicylic molecule to one 5-fluorocytosine molecule; right the pseudo Watson-Crick base pair. 183 
The proton transfer allows the formation of a pseudo-Watson-Crick base pairing dimer 
between  the  neutral  and  protonated  5-fluorocytosine  molecules.    This  pseudo-Watson-
Crick base pair has three hydrogen bonds forming the supramolecular unit, one of which is 
charge assisted (Figure 4.21, right).  This grouping is not possible for purely neutral 5-
fluorocytosine molecules. The hydrogen bonds in this 5-fluorocytosine base pair are all of 
moderate strength.  However, the three hydrogen bonds (Table 4.5) are shorter than those 
found in the molecular complex of ethyl-guanine and cytosine (EGMCYT10 [131]). This is a 
consequence  of  the  central  hydrogen  bond  being  charge  assisted.  The  hydrogen  bond 
lengths are consistent with all the other molecular complexes reported in this thesis that 
show this primary hydrogen bonding motif.  
Table 4.5. Hydrogen bond distances of the pseudo-Watson-Crick hydrogen bonding 
motif in the 5-fluorocytosine and 5-fluorosalicylic acid hydrate molecular complex. 
The numbering refers to that shown in Figure 4.21. 
Hydrogen Bond  D···A Distance 
 
1. N-H---O  2.740(2)Å 
2. N---H-N  2.837(2) Å 
3. O---H-N  2.967(2) Å 
 
Two base pair motifs are linked via the type B hydrogen bonding motif base-pairing. This 
base  pair  motif  is  between  two  cytosine  molecules  employing  the  same  area  of  each 
cytosine.  The  two  hydrogen  bonds  are  equivalent  N-H···O  hydrogen  bonds  with  an 
inversion centre located in the centre of this type B base pair and are of moderate strength 
with an N···O distance of 2.774(2) Å.  This creates a four molecule 5-fluorocytosine 5-
fluorocytosinium  unit  (Figure  4.22,  left).  At  this  point,  the  hydrogen  bonded  chain  is 
terminated through hydrogen bonding to 5-fluorosalicylate and water molecules (Figure 
4.22, right). 
 
Figure 4.22. Left, the pseudo-Watson-Crick and type B hydrogen bonding motifs and right, the 
termination of the chain in the 5-fluorocytosine and 5-fluorosalicylic acid hydrate molecular complex 
to create and eight molecule unit. 184 
This chain is terminated at both ends through the combination of a 5-fluorosalicylate and a 
water molecule (Figure 4.22, right) to create an eight molecule unit. The 5-fluorosalicylate 
molecule forms two hydrogen bonds to a 5-fluorocytosinium molecule, one moderate and 
one weak. The first of these is an N-H···O hydrogen bond from the protonated nitrogen of 
the cytosine ring, to one of the oxygens of the carboxylate group of the 5-fluorosalicylate 
molecule. This hydrogen bond is of moderate strength and is of N···O distance of 2.684(2) 
Å. The second hydrogen bond is a weak C-H···O hydrogen bond between an aromatic 
carbon on the 5-fluorocytosinium molecule and the other oxygen of the carboxylate group 
of the 5-fluorosalicylate molecule. This has a C···O distance of 3.097(2) Å. One of the 
water molecules also helps terminate this chain by being involved in two hydrogen bonds 
within the same plane. The first of these O-H···O hydrogen bonds is between the water and 
the carboxylate group and is of moderate strength with an O···O distance of 2.846(2) Å. 
The other hydrogen bond is between the water and the carbonyl oxygen of the nearby 
cytosine. This hydrogen bond is also of moderate strength and is of  O···O distance of 
2.857(2) Å. 
On each side of the supramolecular unit, there are two additional hydrogen bonds to water 
molecules. Both of these hydrogen bonds involve the amine groups of the 5-fluorocytosine 
and 5-fluorocytosinium molecules to the oxygens of the two independent water molecules. 
The first is from a 5-fluorocytosinium molecule to a water molecule lying within the same 
layer (yellow in Figure 4.23) and this connects supramolecular units together within the 
same  plane.  These  hydrogen  bonds  are  of  moderate  strength  and  of  N···O  distance  of 
2.885(2)  Å.    These  hydrogen  bonds  in  combination  with  two  5-fluorocytosine  5-
fluorocytosinium four molecule units, form six molecule R4
6(12) hydrogen bonded rings 
(Figure 4.24). The second hydrogen bond is from a 5-fluorocytosine molecule to a water 
molecule and this connects supramolecular units together in parallel layers (green in Figure 
4.23).  These are also moderate hydrogen bonds with N···O distance of 2.793(2) Å.  185 
 
Figure 4.23. The hydrogen bonds involving the four molecule 5-fluorocytosine 5-fluorocytosinium unit 
in the 5-fluorocytosine 5-fluorosalicylic acid hydrate molecular complex.  The water molecules which 
terminate the cytosine chains are shown in yellow and those that connect planes in different layers are 
in green. 
 
Figure 4.24 The six molecule hydrogen bonded ring in the 5-fluorocytosine 5-fluorosalicylic acid 
hydrate molecular complex connecting two eight molecule units together. 
This second water molecule sits approximately perpendicular to the original chain and this 
forms  hydrogen  bonds  to  two  different  molecules  in  different  layers,  one  to  a  5-
fluorosalicylate molecule and one to a water molecule (green in Figure 4.23, Figure 4.25). 
The  first  hydrogen  bond  is  to  one  of  the  oxygen  atoms  of  a  carboxylate  group.  This 
hydrogen bond has an O···O distance of 2.817(2) Å and is of moderate strength. The other 
hydrogen bond is from the water to another independent water molecule (yellow in Figure 
27). This O-H···O hydrogen bond length is 2.992(2) Å and it is of moderate strength. 
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Figure 4.25. Hydrogen bonds involving the water molecule which connects the layers together in the 5-
fluorocytosine 5-fluorosalicylic acid hydrate molecular complex. 
The  presence  of  fluorine  does  not  disrupt  the  base-pairing  motif  but  there  are  some 
significant  fluorine interactions in the structure. There is a  fluorine-fluorine interaction 
between  5-fluorocytosinium  molecules  in  different  layers  (Figure  4.26,  left).  This 
interaction is of F···F length of 2.787(2) Å which is shorter than the sum of the van der 
Waals  radii  for  two  fluorine  atoms  of  2.94  Å.  This  acts  as  a  link  between  layers  in 
combination  with  base-stacking  effects  and  the  hydrogen  bonding  involving  the  water 
molecule. There is also a weak C-H···F hydrogen bond (Figure 4.26, right) from the ortho 
hydrogen on a 5-fluorosalicylate molecule to the fluorine on one of the 5-fluorocytosine 
molecules.  This  is  in  the  same  plane  and  acts  as  a  link  between  separate  units.  This 
hydrogen bond has a C···F length of 3.263(2) Å. 
   
Figure 4.26. Fluorine interactions in the 5-fluorocytosine 5-fluorosalicylic acid hydrate molecular 
complex.  Left, fluorine-fluorine interaction between 5-fluorocytosinium molecules; right, weak C-
H···F hydrogen bond. 
There are several base-stacking effects in this structure (Figure 4.27). The first of these 
takes the form of a cytosine pair stacked on top of another cytosine pair. These are not 
identical as the top pair has been rotated 180° about the pseudo-Watson-Crick hydrogen 
bonding of the base pair. This results in the 5-fluorocytosinium molecules stacking upon 5-
fluorocytosine molecules and vice versa. The distance between the two based paired planes 
is approximately 3.183  Å which is in line with that seen for other structures with the 
pseudo-Watson-Crick bonding motif. The second base stacking interaction is between the 
5-fluorosalicylate molecules and the cytosine base pairs. This distance is approximately 
3.077 Å. 187 
 
Figure 4.27. Stacking interactions in the 5-fluorocytosine 5-fluorosalicylic acid hydrate molecular 
complex 
4.5. 2:1:2 Molecular Complex of Cytosine and 5-Fluorosalicylic Acid Hydrate 
 
Cytosine and 5-fluorosalicylic acid were dissolved in methanol in a 1:1 molar ratio and the 
solvent was allowed to evaporate slowly until crystals formed. The crystals were colourless 
with  a  block  shape  and  the  crystal  used  for  characterisation  by  X-ray  diffraction  had 
approximate dimensions of 0.4mm x 0.4mm x 0.4mm. Data were collected on a Bruker 
Apex  II  CCD  diffractometer  equipped  with  an  Oxford  Cryosystems  Helix  at  100K.  
Crystallographic data are given in Table 4.2. 
The molecular complex forms in a 2:1:2 ratio of cytosine to 5-fluorosalicylic acid to water 
and  is  isostructural  with  the  2:1:2  5-fluorocytosine  5-fluorosalicylic  acid  molecular 
complex. There are 5 molecules in the asymmetric unit, and the crystal belongs to the 
space group P-1. Whilst the ratio in the product is presented as 2:1:2, one cytosine has 
gained  a  hydrogen  from  the  carboxyl  group  of  the  5-fluorosalicylic  acid  essentially 
creating four different molecular species, two of which carry a charge; a neutral cytosine 
and  a  protonated  cytosine  (cytosinium);  a  deprotonated  5-fluorosalicylic  acid  (5-
fluorosalicylate); and two water molecules (Figure 4.28, left). The proton transfer allows 
the  formation  of  a  pseudo-Watson-Crick  base  pairing  dimer  between  the  neutral  and 
protonated cytosine molecules.  This pseudo-Watson-Crick base pair has three hydrogen 
bonds  forming  the  supramolecular  unit,  one  of  which  is  charge  assisted  (Figure  4.28, 
right).   
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Figure 4.28. Left, the asymmetric unit of the molecular complex of cytosine 5-fluorosalicylic acid 
hydrate showing proton transfer from the 5-fluorosalicylic acid molecule to one cytosine molecule; 
right, the pseudo Watson-Crick base pair. 
This  structure  is  very  similar  in  its  construction  to  the  2:1:2  5-fluorocytosine  and  5-
fluorosalicylic  acid  hydrate  molecular  complex.  The  hydrogen  bonds  making  up  the 
pseudo-Watson-Crick unit are all of moderate strength and are again shorter than those 
found  in  the  molecular  complex  of  ethyl-guanine  and  cytosine  (EGMCYT10).  The 
hydrogen bond distances (Table 4.6) are very similar to those found in the 5-fluorosalicylic 
acid  and  5-fluorocytosine  hydrate  molecular  complex.  The  asymmetry  in  the  N-H···O 
hydrogen bonds is also common to other pseudo-Watson-Crick units reported in this thesis. 
The majority of structures show the hydrogen bond between the amine group of the neutral 
cytosine and the oxygen atom of the charged cytosinium molecule to be longer than the 
equivalent hydrogen bond involving the cytosinium amine group.  
Table 4.6 Hydrogen bond distances of the pseudo-Watson-Crick hydrogen bonding 
motif in the cytosine 5-fluorosalicylic acid hydrate molecular complex 
Hydrogen Bond  D···A Distance 
 
1.     N-H---O  2.767(2) Å 
2.     N---H-N  2.852(2) Å 
3.     O---H-N  2.943(2) Å 
 
Much  like  the  5-fluorocytosine  5-fluorosalicylic  acid  hydrate  molecular  complex,  two 
pseudo Watson Crick base pair motifs are linked via type B hydrogen bonding motif base-
pairing. This base pair motif is between two cytosine molecules employing the same area 
of each cytosine. The two hydrogen bonds are equivalent N-H···O hydrogen bonds with an 
inversion  centre  located  in  the  centre  of  this  type  B  base  pair.  They  are  of  moderate 
strength and have a N···O distances of 2.788(2) Å.  This creates a four molecule cytosine 
unit (Figure 4.29, left). At this point, the chain is terminated through 5-fluorosalicylate and 
water molecules (Figure 4.29, right). 
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Figure 4.29. Left, link between two pseudo-Watson Crick base pairs via type B hydrogen bonding 
motif; right, termination of the chain in the cytosine and 5-fluorosalicylic acid hydrate molecular 
complex. 
One  weak  and  one  moderate  strength  hydrogen  bond  is  created  between  a  cytosinium 
molecule and a 5-fluorosalicylate acid molecule. The first of these hydrogen bonds is a 
moderate  strength  N-H···O  hydrogen  bond  from  a  protonated  ring  nitrogen  of  the 
cytosinium, to one of the oxygen atoms of the carboxylate group of the 5-fluorosalicylate 
molecule. This hydrogen bond has an N···O distance of 2.684(2) Å. The weak hydrogen 
bond is a C-H···O hydrogen bond between an aromatic carbon on the cytosinium and the 
other  oxygen  of  the  carboxylate  group  of  the  5-fluorosalicylate  molecule.  The  C···O 
distance  is  3.185(3)  Å.  A  water  molecule  combines  with  this  5-fluorosalicylic  acid 
molecule to terminate the chain via two hydrogen bonds within the same plane (green in 
Figure 4.30). The first of these O-H···O hydrogen bonds is between the water and the 
carboxylate group and is of moderate strength and O···O distance of 2.749(2) Å. The other 
hydrogen bond is between the water and the carbonyl oxygen of the nearby cytosine. This 
hydrogen bond is also of moderate strength and have an O···O distance of 2.838(2) Å. 
Similarly  to  the  5-fluorocytosine  5-fluorosalicylic  acid  hydrate  molecular  complex,  on 
each side of the supramolecular unit, there are two additional hydrogen bonds to water 
molecules.  These  two  hydrogen  bonds  involve  the  amine  groups  of  the  cytosine  and 
cytosinium molecules to the oxygen atom of the two independent water molecules. The 
first is to a water molecule lying within the same layer (green in Figure 4.30) and these 
molecules connect supramolecular units together within the same plane. These hydrogen 
bonds are of moderate strength and have an N···O distance of 2.879(2) Å.  This water 
molecule,  utilising  all  three  of  its  hydrogen  bonds,  connects  cytosine  cytosinium  four 
molecule units together through a six molecule hydrogen bonded ring in the same manner 
as  that  found  in  the  5-fluorocytosine  5-fluorosalicylic  acid  hydrate  molecular  complex 
(Figure 4.31). The second of these two hydrogen bonds is to a water  molecule which 
connects supramolecular units together in parallel layers (purple in Figure 4.30). These are 
also of moderate strength and have an N···O distance of 2.808(2) Å. 190 
 
Figure 4.30. The hydrogen bonds involving the four molecule cytosine cytosinium unit in the cytosine 
5-fluorosalicylic acid hydrate molecular complex.  The water molecules which terminate the cytosine 
chains are shown in green and those that connect planes in different layers are in purple. 
 
Figure 4.31. Six molecule hydrogen bonded ring in the cytosine 5-fluorosalicylic acid hydrate 
molecular complex. 
This  water  molecule  sits  approximately  perpendicular  to  the  original  chain  and  makes 
hydrogen  bonds  to  two  different  molecules  in  different  layers  (purple  in  Figure  4.30, 
Figure  4.32),  one  to  a  5-fluorosalicylate  molecule  and  one  to  an  independent  water 
molecule. The first hydrogen bond is to one of the oxygen atoms of a carboxylate group. 
This hydrogen bond has an O···O distance of 2.799(2) Å and is of moderate strength. The 
other hydrogen bond is from the water to another independent water molecule (green in 
Figure 4.30). This O···O hydrogen bond length is 2.892(2) Å and it is of moderate strength. 
 
Figure 4.32. Hydrogen bonds involving the water molecule connecting the layers in the cytosine 5-
fluorosalicylic acid hydrate molecular complex. 191 
The presence of fluorine does not disrupt the base-pairing motif in the structure and the 
fluorine atom on the 5-fluorosalicylate molecule only takes part in one interaction. This is a 
weak hydrogen bond between the cytosine and 5-fluorosalicylate molecules with a C···F 
length of 3.584(2) Å (Figure 4.33). 
 
Figure 4.33. Weak C-H···F hydrogen bonds represented by a black dashed line, in the cytosine 5-
fluorosalicylic acid hydrate molecular complex. 
Base  stacking  is  once  again  present.  Pseudo-Watson-Crick  base  pairs  stack  upon  one 
another (C in Figure 4.34), there is stacking between the base pair and a 5-fluorosalicylate 
(B and D in Figure 4.34) and also stacking between two 5-fluorosalicylate molecules (A in 
Figure  4.34).  The  layers  in  this  structure  are  not  as  planar  as  in  the  other  structures.  
Approximate distances between the layers are given in Table 4.7.  These are similar to the 
spacings found in the related structures.  
 
Figure 4.34. Stacking interactions present in the cytosine 5-fluorosalicylic acid hydrate molecular 
complex. 
Table  4.7.  Distances  between  planes  in  the  molecular  complex  of  cytosine  5-
fluorosalicylic acid hydrate. 
Base Stacking  Distances between the planes Å 
A  3.275 
B  3.310 
C  3.161 
D  3.247 
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This structure is isostructural with the fully fluorinated equivalent. The only difference 
between the two structures is the presence of a fluorine atom on the cytosine molecule in 
one structure that is not present in the other.  It must be the interactions in which this 
fluorine molecule is involved that causes the two structures to differ slightly (Figure 4.35). 
The fluorine atom has interactions with molecules in the planes above one another and 
with molecules in the same plane in the 5-fluorocytosine 5-fluorosalicylic acid hydrate 
molecular  complex.    However  there  are  no  fluorine-fluorine  interactions  between  the 
planes in the cytosine 5-fluorosalicylic acid hydrate molecular complex. The fluorine plays 
the  important  role  in  causing  very  subtle  differences  between  these  related  structures 
showing the power of the addition of a fluorine atom in changes in a structure. 
   
Figure 4.35. Left, overlay of the structures of cytosine 5-fluorosalicylic acid hydrate (white) and 5-
fluorocytosine and 5-fluorosalicylic acid hydrate (green) and right, the two structures slowly moving 
out of sync. 
 
4.6. 2:2:1 Molecular Complex of Cytosinium and 3-Hydroxybenzoate Hemihydrate 
 
Cytosine and 3-hydroxybenzoic acid were dissolved in methanol in a 1:1 molar ratio and 
the  solvent  was  allowed  to  evaporate  slowly  until  crystals  formed.  The  crystals  were 
colourless with a block shape and the crystal used for characterisation by X-ray diffraction 
had  approximate  dimensions  of  0.3mm  x  0.3mm  x  0.5mm.  Data  were  collected  on  a 
Bruker Apex II CCD diffractometer equipped with an Oxford Cryosystems Helix at 100K. 
Crystallographic data are summarised in Table 4.9. 
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Figure 4.36. The two independent heterodimers in the molecular complex of cytosinium 3-
hydroxybenzoate hemihydrate molecular complex. 
The molecular complex forms in a 2:2:1 ratio of cytosine to 3-hydroxybenzoic acid to 
water. Both cytosine molecules have gained a hydrogen atom from the carboxyl groups of 
the two 3-hydroxybenzoic acid molecules and so this system shows 100% proton transfer. 
The asymmetric unit therefore has two charged cytosine molecules (cytosinium) and two 
deprotonated  3-hydroxybenzoic  acid  molecules  (3-hydroxybenzoate).  The  primary 
hydrogen bonding motif formed is the hydrogen-bonded heterodimer, however, the two 
cytosinium molecules and two 3-hydroxybenzoic acid molecules form two independent 
hydrogen  heterodimers  within  the  asymmetric  unit  (Figure  4.36).  Although  the  basic 
hydrogen bonding motif is the same, there are some noticeable differences.  One of the 
main  differences  between  the  two  dimers  is  the  orientation  of  the  carboxylate  group 
relative to the plane of the 3-hydroxybenzoate molecule (Figure 4.37).  The torsion of the 
carboxylate group is different in each case - for dimer 1 this is approximately 8.5° and for 
dimer 2 it is approximately 16°.  
 
Figure 4.37. Top, the two independent hydrogen bonded heterodimers showing the increased torsion 
angle of the carboxylic acid group of one (top right) compared to the other (top left). Bottom, the 
asymmetric unit of the cytosinium 3-hydroxybenzoate molecular complex. 
There are two N-H···O hydrogen bonds comprising each heterodimer, and these are all of 
moderate strength. The hydrogen bond between the amine group and the carboxylate group 
has an N···O distance of 2.773(2) Å in both dimers. The hydrogen bond between the ring 194 
nitrogen and the carboxylate group has an N···O distance of 2.787(2) Å in the more planar 
dimer (dimer 1), and is considerably shorter in the more twisted dimer (dimer 2) having an 
N···O distance of 2.741(2) Å (Table 4.8). 
Table 4.8. Hydrogen bonds of the primary bonding motif in dimer 1 and 2. 
  N-H···O (amine to 
carboxylate oxygen) (Å) 
N-H···O (protonated ring 
nitrogen to carboxylate 
oxygen) (Å) 
Dimer 1  2.773(2)  2.787(2) 
Dimer 2  2.773(2)  2.741(2) 
 
Similarly to the cytosinium and 5-fluorocytosinium salicylate molecular complexes, each 
cytosinium molecule is involved in a total of five hydrogen bonds (Figure 4.38).  The 
cytosinium  in  dimer  2  forms  two  hydrogen  bonds  to  separate  3-hydroxybenzoate 
molecules, one as a hydrogen bond donor from the amine group to the carboxylate group 
of a salicylate molecule (N···O distance, 2.773(2) Å), and one as a hydrogen bond acceptor 
from a hydroxyl group of a salicylate molecule to the carbonyl group of the cytosinium 
(O···O distance, 2.719(2) Å).  A third single hydrogen bond is formed from a ring nitrogen 
to  the  carbonyl  of  an  independent  cytosinium  molecule  (N···O  distance,  2.741(2)  Å) 
(Figure 4.38, right).  The cytosinium in dimer 1 hydrogen bonds to a water molecule from 
the amine group through an N-H···O hydrogen bond (N···O distance, 2.780(2) Å), forms an 
N-H···O  hydrogen  bond  from  a  ring  nitrogen  to  a  carboxylate  group  (N···O  distance, 
2.688(2) Å) and an O···H-N hydrogen bond between the carbonyl and a ring nitrogen on an 
independent cytosinium molecule (N···O, distance 2.760(2) Å) (Figure 4.38, left).   
 
Figure 4.38. The two distinct hydrogen bonding environments of the independent cytosinium molecules 
in the cytosinium 3-hydroxybenzoate hemihydrate molecular complex. 
A similar chain to that found in the salicylic acid molecular complex is formed between 
cytosinium  3-hydroxybenzoate  heterodimers.    However,  in  this  case  there  are  two 
independent dimers (dimers 1 and 2), which alternate along the chain (Figure 4.39).  The 
links between dimers are of two types, an N-H···O hydrogen bond between a ring nitrogen 
on dimer 1 and the carbonyl group on dimer 2 with an N···O distance of 2.760(2) Å.  The 195 
second linker is an N-H···O hydrogen bond between an amine group on dimer 2 and a 
carboxylate oxygen on dimer 1 with an N···O distance of 2.790(2)Å.  
 
Figure 4.39. Alternating dimer 1 (red) and 2 (green) along an extended chain in the cytosinium 3-
hydroxybenzoate hemihydrate molecular complex. 
 
Figure 4.40. Water molecule acting as a link between three cytosinium and 3-hydroxybenzoate 
heterodimers. 
The  water  molecule  also  links  three  separate  heterodimers  together  via  two  single 
hydrogen bonds (Figure 4.40); the water acts as a hydrogen bond acceptor from dimer 1 
and acts as a hydrogen bond donor to two dimers of type 2. The first of these hydrogen 
bonds is an N-H···O hydrogen bond from the hydrogen atom of the amine group of dimer 1 
to  the  oxygen  atom  of  the  water  molecule  with  an  N···O  distance  of  2.780(2)  Å.  The 
second  is  an  O-H···O  hydrogen  bond  from  the  hydrogen  of  the  water  molecule  to  the 
hydroxy  group  of  the  3-hydroxybenzoate,  which  is  part  of  dimer  2  and  has  an  O···O 
distance of 2.865(2) Å.  The third is an O-H···O hydrogen bond to the carbonyl oxygen of a 
type 2 dimer with an O···O distance of 2.745(2) Å. The hydroxyl groups then play an 
important role in connecting the structure as they no longer participate in intramolecular 
hydrogen bonds.  A 3-hydroxybenzoate molecule from a dimer 1 unit bridges these two 
dimer 2 units with a carboxylate oxygen acting as a hydrogen bond acceptor from the 
hydroxy group of the first and with the hydroxy group acting as a hydrogen bond donor to 
the carbonyl oxygen of a the cytosinium molecule in the second (Figure 4.41).  These are 196 
both  O-H···O  hydrogen  bonds  with  O···O  distances  of  2.664(2)  Å  and  2.719(2)  Å, 
respectively. 
Chains of type 1 dimers are formed along the c-axis connected through weaker C-H···O 
hydrogen  bonds  from  an  aromatic  hydrogen  on  a  cytosinium  molecule  to  the  hydroxy 
group of a 3-hydroxybenzoate molecule in a neighbouring dimer.  These hydrogen bonds 
have a C···O distance of 3.260(3) Å (Figure 4.42, left).  Chains of dimer 2 are also formed 
along the b-axis but this time they are two units thick and held together by the bridging 
water molecules (Figure 4.42, right). Overall, the result of these hydrogen bonding patterns 
is the formation of layers of dimer 1 and dimer 2 alternating along the a axis (Figure 4.43).  
Only dimer 1 units are  stacked upon other dimer 1 units and vice versa.  Cytosinium 
molecules stack above 3-hydroxybenzoate molecules in both cases.   
 
Figure 4.41. Water molecule acting as a link between three cytosinium and 3-hydroxybenzoate 
heterodimers. 
 
 
Figure 4.42. Chains formed with (a) just dimer 1 (red for cytosinium and green for the 3-
hydroxybenzoate)and (b) just dimer 2 (yellow for cytosinium blue for the 3-hydroxybenzoate and 
purple for the water molecules) in the cytosinium and 3-hydroxybenzoate hemihydrate. 
Figure 4.43 clearly shows that that there are base stacking interactions in this structure as 
well. Here dimer one (red and green) stack on top of other dimer 1 units and the same can 197 
be seen for the yellow and blue pair (dimer 2). When the red and green pair stacks on top 
of each other the cytosinium is stacked on top of the 3-hydroxybenzoate. The distance 
between  these  two  is  approximately  3.2  Å.  The  distance  between  the  yellow  and  blue 
layers is approximately 3.140 Å. However, the layers are not totally planar and the distance 
between separate chains fluctuates as the chain is extended. 
 
 
Figure 4.43. Packing in the cytosinium 3-hydroxybenzoate hemihydrate. 
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Table 4.9.  Crystallographic data for the molecular complexes of cytosine and 5-fluorocytosine with 3 and 4-hydroxybenzoic acid. 
 
Compound  Cytosinium 3-hydroxybenzoate 
hydrate 
5-Fluorocytosine and 3-
hydroxybenzoic acid 
Cytosine and 4-hydroxybenzoic 
acid hydrate 
5-Fluorocytosine and 4-
hydroxybenzoic acid 
Formula  C22 H24 N6 O9   C15 N6 H14 O5 F2  C22 H24 N6 O9   C11 N3 O4 H10 F1  
Crystallisation 
Conditions 
Methanol, Room Temperature  Methanol, Room Temperature  Methanol, Room Temperature  Methanol, Room Temperature 
Molecular weight / 
gmol
-1 
516.46  396.31  516.46  267.21 
Temperature (K)  100 K  100 K  100 K  100 K 
Space Group  Pbca  C2/c  P-1  P21/c 
a (Å)  24.8961(2)  19.9476(3)  9.9946(24)  6.8938(3) 
b (Å)  13.7428(1)  6.7722(1)  10.6617(26)  25.1380(12) 
c (Å)  13.5411(1)  26.0161(5)  15.1110(38)  9.1359(4) 
α (
o)  90  90  81.362(14)  90 
β (
o)  90  110.940(1)  71.277(13)  128.660(3) 
γ (
o)  90  90  87.191(14)  90 
Volume (Å
3)  4632.98(1)  3282.38(13)  1507.71(77)  1236.28(38) 
Z  8  8  2  4 
θ range (˚)  2.3-40.7  1.7-27.8  1.4-29.6  1.6-27.5 
Completeness  99.20%  98.60%  98.50%  98.50% 
Reflections Collected  89837  43891  67140  31547 
Independent  5320  3818  8343  2774 
Refln (obs.I>2 σ (I))  4414  2611  6775  1661 
Rint  0.0359  0.0676  0.0405  0.1104 
Parameters  430  295  561  152 
GooF on F
2  1.035  1.003  1.035  1.167 
R1 (Observed)  0.036  0.0412  0.040  0.092 
R1 (all)  0.047  0.0761  0.052  0.165 
wR2 (all)  0.103  0.0982  0.120  0.210 199 
4.7. 2:1 Molecular Complex of 5-Fluorocytosine and 3-Hydroxybenzoic Acid 
 
5-Fluorocytosine and 3-hydroxybenzoic acid were dissolved in methanol in a 1:1 molar 
ratio and the solvent was allowed to evaporate slowly until crystals formed. The crystals 
were  colourless  with  a  block  shape  and  the  crystal  used  for  characterisation  by  X-ray 
diffraction had approximate dimensions of 0.2mm x 0.2mm x 0.4mm. Data were collected 
on a Bruker Apex II CCD diffractometer equipped with an Oxford Cryosystems Helix at 
100K.  Crystallographic data are summarised in Table 4.9. 
The molecular complex forms in a 2:1 ratio of 5-fluorocytosine and 3-hydroxybenzoic acid 
and contains no hydrogen transfer with all molecules remaining neutral.  This is in contrast 
to the molecular complex of cytosine with 3-hydroxybenzoic acid.  
 
Figure 4.44. Combination of type A and B pseudo-base paired hydrogen bonding in the molecular 
complex of 5-fluorocytosine and 3-hydroxybenzoic acid. 
The 5-fluorocytosine molecules form both type A and B hydrogen bonding motifs, both of 
which are base pairs consisting of two hydrogen bonds (Section 1.10). One of the base 
pairs has hydrogen bonds between the amine groups and unprotonated ring nitrogen atoms 
on neighbouring 5-fluorocytosine molecules (Figure 4.44). These two N-H···N hydrogen 
bonds are of moderate strength and have N···N distances of 2.979(2) Å and 2.927(2) Å, 
respectively.    The  second  base  pair  is  formed  by  two  hydrogen  bonds  involving  the 
protonated  ring  nitrogens  of  the  5-fluorocytosine  rings  and  the  carbonyl  oxygens  on 
neighbouring 5-fluorocytosine molecules (Figure 4.44). These are N-H···O hydrogen bonds 
with N···O distances of 2.779(2) Å and 2.826(2) Å, respectively and are therefore both of 
moderate strength. These base pairs alternate to form a stepped hydrogen bonded chain of 
alternating type A and B hydrogen bonding units (Figure 4.45, left). This chain is similar to 
that  found  in  many  of  the  cytosine  molecular  complexes  where  there  is  no  hydrogen 
transfer. 200 
 
Figure 4.45. Left. the base-paired 5-fluorocytosine chain; right, 3-hydoxybenzoic acid molecules tied to 
each side of the chain in the molecular complex of 5-fluorocytosine and 3-hydroxybenzoic acid. 
The chains have 3-hydroxybenzoic acid molecules tethered to each side of the chain. On 
one side of the chain, the benzoic acid molecule participates in two hydrogen bonds to the 
chain through the hydroxyl group, one as a hydrogen bond donor and one as a hydrogen 
bond acceptor (Figure 4.45, right). The first of these is an O-H···O hydrogen bond from the 
hydroxyl group to the carbonyl oxygen of a cytosine molecule in the chain.  This has an 
O···O distance of 2.641(2) Å.  The second is an N-H···O hydrogen bond from the amine 
group of a neighbouring cytosine molecule to the hydroxyl oxygen atom and has an N···O 
distance  of  2.768(3)  Å.    On  the  other  side  of the  chain,  the  carboxyl  group  of  the  3-
hydroxybenzoic acid molecule interacts with the chain through both oxygen atoms forming 
a moderate and a weak hydrogen bond (Figure 4.45, right).  The moderate hydrogen bond 
is  of  O-H···O  type  from  the  protonated  oxygen  of  the  carboxyl  group  to  the  carbonyl 
oxygen of a cytosine molecule with an O···O distance of 2.678(2) Å.  The weak C-H···O 
hydrogen bond is between an aromatic carbon atom on a neighbouring cytosine to the 
unprotonated oxygen on the carboxyl group.  This hydrogen bond has a C···O distance of 
3.025(4) Å. Each cytosine chain is planar, but neighbouring chains lie at approximately 
35°  to  one  another  (Figure  4.46,  left).  Gaps  are  left  between  these  strongly  hydrogen 
bonded units. 
 
Figure 4.46. Left, change in orientation of adjacent chains and right, fluorine interactions in the 5-
fluorocytosine and 3-hydroxybenzoic acid molecular complex. Green represents the chain held in place 
by hydrogen bonding and red represents the chain held in place via fluorine. 201 
 
Figure 4.47. Stacking interactions in the 5-fluorocytosine and 3-hydroxybenzoic acid molecular 
complex. 
The fluorine substituent on the 5-fluorocytosine molecules thus does not interrupt the base 
pairing, with the base-paired chains forming in the same manner as the non-fluorinated 
equivalent structures.  However, the fluorine does affect the weaker interactions. Fluorine-
fluorine interactions are found between cytosine molecules in different chains (Figure 4.46, 
right).  The F···F distance is 2.801(2) Å which is shorter than the sum of the van der Waals 
radii of 2.94 Å. This fluorine interaction helps to link two equivalent hydrogen bonded 
networks together with the linked structure filling the gaps shown in Figure 4.46. Once 
these chains are housed within the “gaps” it is clear to see that once again there are base-
stacking interactions between units, this time with 5-fluorocytosine molecules base stacked 
upon other 5-fluorocytosine molecules (Figure 4.48).  These base stacking interactions are 
staggered relative to one another, with the more staggered interaction having the closest 
layer  spacing  (~3.089Å)  and  the  less  staggered  interaction  having  a  layer  spacing  of 
approximately 3.213Å.  Interestingly, the closest stacking results in the cytosine molecules 
being stacked above the type B hydrogen bonded ring (Figure 4.48).  
 
Figure 4.48 Staggered Stacking interactions corresponding to the closest interaction in the 5-
fluorocytosine and 3-hydroxybenzoic acid molecular complex. 202 
The  effect  of  all  of  these  hydrogen  bonding  motifs  and  fluorine  interactions  can  be 
demonstrated by the view along the c-axis.  This clearly shows the criss-cross pattern of 
these units, together with the base stacking (Figure 4.49).  
 
Figure 4.49. Criss-cross pattern formed in the 5-fluorocytosine and 3-hydroxybenzoic acid molecular 
complex. 
4.8. 2:3:2 Molecular Complex of Cytosine and 4-Hydroxybenzoic Acid Hydrate 
 
Cytosine and 4-hydroxybenzoic acid were dissolved in methanol in a 1:1 molar ratio and 
the  solvent  was  allowed  to  evaporate  slowly  until  crystals  formed.  The  crystals  were 
colourless with a block shape and the crystal used for characterisation by X-ray diffraction 
had  approximate  dimensions  of  0.4mm  x  0.4mm  x  0.4mm.  Data  were  collected  on  a 
Bruker Apex II CCD diffractometer equipped with an Oxford Cryosystems Helix at 100K.  
Crystallographic data are summarised in Table 4.9. 
The molecular complex forms in a 2:3:2 ratio of cytosine to 4-hydroxybenzoic acid to 
water. This is the only molecular complex obtained in this work where the ratio of cytosine 
to the benzoic acid is 2:3. There  are seven molecules in the  asymmetric unit, and the 
crystal belongs to the space group P-1. Whilst the ratio in the product is presented as 2:3:2, 
there  is  only  partial  proton  transfer  and  so  this  leads  to  the  creation  of  five  different 
molecular  species,  two  of  which  carry  a  charge;  two  neutral  and  one  deprotonated  4-
hydroxybenzoic acid molecules, a protonated cytosine (cytosinium) and a neutral cytosine, 
and  two  water  molecules  (Figure  4.50,  left).  The  partial  proton  transfer  allows  the 
formation of a pseudo-Watson-Crick base paired dimer between the neutral and protonated 
cytosine molecules with three hydrogen bonds forming the supramolecular unit, one of 
which is charge  assisted (Figure 4.50, right). This grouping is not possible for neutral 
cytosine molecules. 203 
 
Figure 4.50. Left, the asymmetric unit showing proton transfer from one 4-hydroxybenzoic acid 
molecule to one cytosine molecule and right, the pseudo-Watson-Crick base pair found in the 2:3:2 
molecular complex of cytosine 4-hydroxybenzoic acid hydrate. 
The hydrogen bonds in the cytosine base pair are all of moderate strength. However, the 
three hydrogen bonds in the pseudo-Watson-Crick unit (Table 4.10) are shorter than those 
found  in  the  molecular  complex  of  ethyl-guanine  and  cytosine  (EGMCYT10)  [131]. 
However, the bonding found here is consistent with the structures discussed in Chapter 3 
and elsewhere in this chapter. This is a consequence of the central hydrogen bond being 
charge assisted.  
 
Table 4.10. Hydrogen bond distances for the pseudo-Watson-Crick bonding motif in 
the cytosine 4-hydroxybenzoic acid hydrate molecular complex. 
Hydrogen Bond  D···A Distance 
N-H---O  2.909(2) Å 
N---H-N  2.848(2) Å 
O---H-N  2.802(2) Å 
 
In the structures described in Chapter 3, these pseudo-Watson-Crick base paired units form 
into hydrogen bonded chains of cytosine.  In the molecular complexes of cytosine and 5-
fluorocytosine with 5-fluorosalicylic acid hydrates, the cytosine chains are terminated by 
5-fluorosalicylic  acid  molecules.    However,  in  this  case,  hydrogen  bonded  chains  are 
formed which include 4-hydroxybenzoic acid molecules, spacing the pseudo-Watson-Crick 
dimers (Figure 4.51). There are six hydrogen bonds formed from the base pair connecting 
four neutral 4-hydroxybenzoic acid molecules to a single base pair (Table 4.11).  These 
benzoic acid molecules are arranged top to tail relative to one another. Two independent 
hydrogen bonded rings are formed between the carboxyl group of the benzoic acid and the 
carbonyl  and  ring  nitrogen  of  both  the  cytosine  and  cytosinium  molecules  (A,B,C,D, 
Figure 4.51). The other two hydrogen bonds tie two separate 4-hydroxybenzoic acids to the 
base pair (E and F, Figure 4.51). These hydrogen bonds involve the oxygen of the hydroxyl 204 
group on the benzoic  acid and one of the hydrogen atoms on the  amine  group of the 
cytosine. 
 
Figure 4.51. The hydrogen bonded chain formed in the 4-hydroxybenzoic acid and cytosine hydrate 
molecular structure. 
Table  4.11.  Hydrogen  bonds  involving  the  pseudo-Watson-Crick  base  pair  in  4-
hydroxybenzoic acid and cytosine hydrate molecular structure. 
Hydrogen Bond  D···A Distance 
A (N-H···O, ring N to carboxyl)  2.782(3) Å 
B (O-H···N, carboxyl to carbonyl)  2.671(3) Å 
C (O-H···O carboxyl to ketone)  2.669(4) Å 
D (N-H···O ring N to carboxyl)  2.755(2) Å 
E (N-H···O amine to hydroxyl)  2.929(1) Å 
F(N-H···O amine to hydroxyl)  2.817(3) Å 
 
 
 
Figure 4.52. Extended chain with water molecules tied to one side of the chain in the cytosine 4-
hydroxybenzoic acid hydrate molecular complex. 
This chain propagates along the ab diagonal (Figure 4.52). The hydroxyl hydrogen atom 
points away from the chain and is able to act as a hydrogen bond donor. On one side of the 
chain a hydrogen bond is formed to a water molecule and is of moderate strength with an 
O···O distance of 2.579(2) Å. 205 
 
Figure 4.53. The two four membered hydrogen bonded rings of two water molecules and two 4-
hydroxybenzoate molecules in the cytosine 4-hydroxybenzoic acid hydrate molecular complex. 
This water molecule hydrogen bonds to two 4-hydroxybenzoate molecules, acting as a 
hydrogen bond donor with O···O distances of 2.792(2) Å and 2.769(2) Å, respectively. An 
R4
2(8)  hydrogen  bonded  ring  motif  is  formed  from  two  water  molecules  and  two  4-
hydroxybenzoate molecules (Figure 4.53, left). This unit then acts as a spacer between 
chains which lie in approximately the same plane. The carboxylate groups in this ring 
connect layers of the chains through a hydrogen bond to the hydroxyl group on the other 
side of the chain. This hydrogen bond is of moderate strength and has an O···O distance of 
2.614(2) Å. 
 
Figure 4.54. Charged 3-hydroxybenzoic acid molecule linking the layers in the cytosine 4-
hydroxybenzoic acid hydrate molecular complex. 
 The  hydroxyl  group  on  the  4-hydroxybenzoate  molecule  forms  a  hydrogen  bond  to  a 
second water molecule with an O···O distance of 2.834(2) Å. This water molecule acts as a 
hydrogen  bond  donor  to  two  carboxylate  groups  and  creates  hydrogen  bonded  rings, 
R4
4(12), consisting of two water molecules and two benzoic acid molecules (Figure 4.52, 
right). Both hydrogen bonds are of moderate strength and have O···O distances of 2.681(2) 
Å (G in Figure 4.53) and 2.849(2) Å (H in Figure 4.53), respectively. These rings are 
interconnected and form a chain constructed of deprotonated benzoic acid molecules and 
water molecules, which propagates along the a-axis in an alternating fashion (Figure 4.55).   206 
 
Figure 4.55. Combination of two four membered rings forming an extended chain in the cytosine and 
4-hydroxybenzoic acid hydrate molecular complex. 
There is also base stacking, between pairs of cytosine and pairs of 4-hydroxybenzoic acid 
molecules. This structure contains some base stacking that has pseudo-Watson-Crick base 
pairs stacked on top of each other with charged cytosine molecules on top of the neutral 
cytosine and the vice versa on the other side. This stacking has a distance of 3.063 Å, 
which is in line with the previously discussed structures that contain the pseudo-Watson-
Crick bonding motif. 
 
Figure 4.56. Stacking interactions in the cytosine and 4-hydroxybenzoic acid hydrate molecular 
complex. 
 
Figure 4.57. Packing in the cytosine and 4-hydroxybenzoic acid hydrate molecular complex. 
There  is  one  more  stacking  interaction  between  two  4-hydroxybenzoic  acid  molecules 
(Figure 4.56). The stacking interaction between the regions of the 4-hydroxybenzoic acid 207 
molecules  is  in  the  range  of  approximately  3.441–3.781  Å.  Figure  4.57  shows  the  4-
hydroxybenzoic acid and the water molecules working to link separate chains together with 
the chains of cytosine and 4-hydroxybenzoic acid molecules stacked on top of each other 
in a staggered fashion. In the stacking area the neutral cytosine molecule once again stacks 
on top of a cytosinium molecule. 
4.9. 1:1 Molecular Complex of 5-Fluorocytosine and 4-Hydroxybenzoic Acid 
 
5-Fluorocytosine and 4-hydroxybenzoic acid were dissolved in methanol in a 1:1 molar 
ratio and the solvent was allowed to evaporate slowly until crystals formed. The crystals 
were  colourless  with  a  block  shape  and  the  crystal  used  for  characterisation  by  X-ray 
diffraction had approximate dimensions of 0.2mm x 0.3mm x 0.4mm. Data were collected 
on a Bruker Apex II CCD diffractometer equipped with an Oxford Cryosystems Helix at 
100K.  Crystallographic data are summarised in Table 4.9. 
 
Figure 4.58. Left, type B hydrogen bonding motif and right, four molecule basic building block in the 
5-fluorocytosine and 4-hydroxybenzoic acid molecular complex. 
This  structure  contains  no  hydrogen  transfer  and  crystallises  in  a  1:1  ratio  of  5-
fluorocytosine  to  4-hydroxybenzoic  acid.  The  5-fluorocytosine  molecules  are  therefore 
capable of forming both the type A and type B pseudo Hoogsten base pair made up of two 
hydrogen  bonds.    The  different  crystallisation  ratio  from  that  found  in  the  3-
hydroxybenzoic  acid  5-fluorocytosine  molecular  complex  results  in  a  different 
construction of the primary hydrogen bonded motifs.  Here, only one of these types of base 
pair are formed between 5-fluorocytosine molecules, type B (Figure 4.58). The base pair is 
made up two equivalent N-H···O hydrogen bonds between the protonated ring nitrogens 
and the carbonyl oxygens on neighbouring cytosine molecules. These hydrogen bonds are 
symmetry equivalent with an inversion centre located in the centre of the hydrogen bonded 
ring, and are therefore both of moderate strength with an N···O distance of 2.798(2) Å. An 
extended chain of cytosine molecules does not occur; 4-hydroxybenzoic acid molecules 
form  hydrogen-bonded  rings  to  the  other  sites  at  either  end  of  the  cytosine  base  pair.  208 
Interestingly,  the  hydroxyl  groups  do  not  act  as  hydrogen  bond  donors  to  any  other 
molecules  and  so  the  chain  is  terminated.    This  creates  a  distinct  four  molecule 
supramolecular unit (Figure 4.58, right). 
 
Figure 4.59. Left. two separate building blocks linked via a single hydrogen bond (black lines) and 
right, Orientation of the molecules hydrogen bonded to four molecule building block via single 
hydrogen bonds in the 5-fluorocytosine and 4-hydroxybenzoic acid molecular complex. 
The  hydrogen-bonded  ring  between  the  5-fluorocytosine  and  4-hydroxybenzoic  acid 
molecules is made up of two hydrogen bonds: the first is an O-H···N hydrogen bond from 
the  protonated  oxygen  of  the  carboxyl  group  to  the  unprotonated  ring  nitrogen  of  the 
cytosine; the second is an N-H···O hydrogen bond from the amine group of the cytosine to 
the unprotonated oxygen on the carboxyl group. The two hydrogen bonds are of moderate 
strength and have D···A lengths of 2.656(2) Å and 2.973(2) Å, respectively. The carboxyl 
group of the 4-hydroxybenzoic acid molecule is not planar with respect to the benzene ring 
plane; it is twisted out of the plane by approximately 15°. The amine group of the cytosine 
is involved in a second hydrogen bond to the unprotonated oxygen of the carboxyl group. 
The twist of the carboxyl group allows this hydrogen bond to be shorter and is thus likely 
to be the driving force behind the twisting. This hydrogen bond is of moderate strength and 
has an N···O distance of 2.983(2) Å. This hydrogen bond acts as a link between different 
supramolecular  units  of  the  4-molecule  building  block  (Figure  4.59,  left).  From  each 
hydrogen-bonded ring there is a hydrogen bond that goes above the pair and one that goes 
below the original pair (Figure 4.59, right).  
   
Figure 4.60. Left. layered nature of structure and right, stacking interactions in structure of 5-
fluorocytosine and 4-hydroxybenzoic acid molecular complex. 209 
 
Figure 4.61. Left, weak C-H···F hydrogen bond and right, weak C-H···O hydrogen bond in the 5-
fluorocytosine and 4-hydroxybenzoic acid molecular complex. 
The overall structure takes a layered form (Figure 4.60), in which base stacking plays a 
significant  role.  The  fluorine  takes  part  in  one  weak  hydrogen  bond  and  this  occurs 
between the layers (Figure 4.61, left). This weak hydrogen bond comes from an aromatic 
hydrogen atom of the 4-hydroxybenzoic acid molecule and is of C···F length of 3.497(2) Å. 
A weak hydrogen bond also exists between the oxygen atom of the hydroxyl group of the 
4-hydroxybenzoic acid  and an aromatic hydrogen atom of the 5-fluorocytosine  (Figure 
4.61, right). This hydrogen bond bond has a C···O length of 3.232(2) Å. It is unusual to see 
the hydroxyl group not acting as a proton donor, but not unusual for it to act as a hydrogen 
bond acceptor. 
There  is  stacking  of  alternating  5-fluorocytosine  and  4-hydroxybenzoic  acid  molecules 
(Figure 4.62). Here the stacking interactions are of approximate distance of 3.249 Å from 
the cytosine to a hydroxybenzoic acid above and 3.305 Å from a hydroxybenzoic acid to 
the cytosine above it. 
 
Figure 4.62. Stacking interactions in the 5-fluorocytosine and 4-hydroxybenzoic acid molecular 
complex. Three stacking interactions show with two being equivalent. 210 
4.10. Structural Comparison of Molecular Complexes Formed Between Cytosine and 
5-Fluorocytosine with Mono-Subsituted Hydroxybenzoic Acids  
 
The  predominent  structural  trends  obtained  in  the  molecular  complexes  of  the  mono-
substituted  hydroxybenzoic  acid  derivatives  with  cytosine  and  5-fluorocytosine  are 
dominated by the proton transfer in the structures. The structures belong to three well-
defined categories depending on the level of proton transfer in the structure: neutral, mixed 
charge, and fully charged molecular complexes. The fluorine interactions play a significant 
role in the assembly of these units in combination with base-stacking interactions. 
4.10.1. The Effect of Proton Transfer 
 pKa values can be a helpful guide when predicting whether proton transfer will occur. 
The general rule for the  pKa values between the components is that if this difference is 
greater than 3 there should be hydrogen transfer, the area of possible hydrogen transfer is 
between 0 and 3 and the region of no hydrogen transfer for  pKa £ 0 [135]. 
When considering the  pKa values for the series of molecular complexes presented in this 
chapter, it becomes clear that the level of proton transfer can be explained reasonably well 
by this liquid-phase property. The structures that would be predicted to be most likely to 
have  hydrogen  transfer  are  the  structures  involving  salicylic  acid  (pKa  2.98)  and  5-
fluorosalicylic acid as these are the molecules that have the biggest difference compared to 
those of 5-fluorocytosine (pKa 3.26) and cytosine (pKa 4.60). The structures in this series 
follow this trend as all of the structures that have salicylic acid as one of the co-molecules, 
have  at  least  partial  transfer  of  a  hydrogen  atom,  with  three  out  of  the  five  structures 
having total transfer with respect to the cytosine molecule (Table 4.12). 
 
Table 4.12 The  pKa and the % transfer of a proton with respect to the cytosine 
molecules  
Molecular complex 
∆pKa  Hydrogen Transfer 
with respect to 
cytosine molecules 
Cytosinium Salicylicate  1.62  100% 
Salicylic acid and 5-Fluorocytosine  0.28  100% 
5-Fluorosalicylic and  5-Fluorocytosine acid Hydrate  0.58  50% 
5-Fluorosalicylic acid and Cytosine   1.92  100% 
5-Fluorosalicylic acid and Cytosine Hydrate  1.92  50% 
3-hydroxybenzoic acid and Cytosine  0.52  100% 
3-hydroxybenzoic acid and 5-Fluorocytosine  -0.82  0% 
4-hydroxybenzoic acid and Cytosine  0.03  50% 
4-hydroxybenzoic acid and 5-Fluorocytosine  -1.31  0% 
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The 3-hydroxybenzoic acid molecular complexes are the next most likely to be involved in 
hydrogen transfer. The only molecular complex that contains hydrogen transfer is that of 3-
hydroxybenzoic acid and cytosine; the  pKa for this is 0.52 putting it in the region for 
possible hydrogen transfer; this structure does, in fact, exhibit total hydrogen transfer with 
respect to the cytosine. The pKa value of 5-fluorocytosine is lower than that of the 3-
hydroxybenzoic  acid  which  means  that  this  structure  is  not  expected  to  contain  any 
hydrogen transfer and the molecular complex obtained is neutral. 
The pKa value for 4-hydroxybenzoic acid is high (4.57) and thus hydrogen transfer is less 
likely. Here there is partial hydrogen transfer in the cytosine and 4-hydroxybenzoic acid 
structure, with the  pKa value very close to 0 but still positive. The molecular complex 
with 5-fluorocytosine does not contain any hydrogen transfer as would be expected for a 
negative  pKa value. 
4.10.2. Complexes Containing Neutral Molecules Only 
 
In this series of nine structures, there are only two structures that do not contain hydrogen 
transfer: 3-hydroxybenzoic acid and 4-hydroxybenzoic acid with 5-fluorocytosine. These 
structures all show 5-fluorocytosine molecules linked together by type A and/or B base 
pair motifs in the same way as the neutral complexes with fluorosubstituted benzoic acids 
and benzoic acid itself (Chapter 3).  
4.10.2.1.  Comparision  Between  the  Molecular  Complexes  of  5-Fluorocytosine  with 
Benzoic Acid and 3-Hydroxybenzoic Acid 
 
Despite the different crystallisation ratios between the 5-fluorocytosine benzoic acid 1:1, 
Section  3.6.1)  and  5-fluorocytosine  3-hydroxybenzoic  acid  (2:1)  molecular  complexes, 
there are some structural similarities between the two. Both show extended chains of 5-
fluorocytosine molecules constructed through alternating type A and B hydrogen bonding 
motifs  (Figure  4.63).    Neutral  benzoic  acid  or  3-hydroxybenzoic  acid  molecules  are 
tethered to each side of this chain (Figure 4.64). Since the benzoic acid molecule only has 
one hydrogen bond donor site, the benzoic acid molecules are tethered to the cytosine 
chain in the same way on both sides (Figure 4.64, left). The carboxylic acid group of the 
benzoic acid molecule acts as a hydrogen bond donor in a moderate strength hydrogen 
bond  (O···O  distance  of  2.671(2)  Å)  and  as  a  hydrogen  bond  acceptor  in  a  C-H···O 
hydrogen  bond  (C···O  distance  of  3.064(2)  Å).  3-hydroxybenzoic  acid  however,  has  a 
second hydrogen bond donor site, the hydroxyl group, and thus the coordination to the 5-212 
fluorocytosine chain is only through the carboxyl group on one side of the chain and on the 
other  side,  the  coordination  is  through  the  hydroxyl  group  (Figure  4.64,  right).  The 
carboxyl group again forms a moderate and a weak hydrogen bond with O···O and C···O 
distances  of  2.679(2)  Å  and  3.025(4)  Å,  respectively,  similar  to  those  of  the  cytosine 
benzoic  acid  molecular  complex.   The  O-H···O  hydrogen  bond  involving  the  hydroxyl 
group is of similar strength to the equivalent O-H···O hydrogen bond from the carboxyl 
group and has an O···O distance of 2.643(3) Å.  This additional hydrogen bond donor site 
allows hydrogen bonded layers to be generated in the 5-fluorocytosine 3-hydroxybenzoic 
acid  molecular  complex  which  are  not  possible  in  the  5-fluorocytosine  benzoic  acid 
molecular complex. 
 
Figure 4.63. Chains of 5-fluorocytosine with alternating type A and B hydrogen bond motifs in the 
molecular complexes of 5-fluorocytosine with benzoic acid (left) and 3-hydroxybenzoic acid (right). 
 
 
Figure 4.64. Benzoic acid (left) and 3-hydroxybenzoic acid (right) tied to the 5-fluorocytosine chains in 
their respective structures. 
There are also some similarities in the weaker interactions.  Both molecular complexes 
show C-H···F hydrogen bonds between an ortho aromatic hydrogen atom on the benzoic 
acid (or 3-hydroxybenzoic acid) molecule and the fluorine atom on the 5-fluorocytosine 
with C···F distances of 3.253(2) Å and 3.297(2) Å, respectively.  In combination with an 
N-H···O  moderate  strength  hydrogen  bond  between  the  amine  group  of  the  5-
fluorocytosine and the protonated oxygen atom of the carboxylic acid group on the benzoic 
acid (N···O distance 2.900(2) Å) or 3-hydroxybenzoic acid (N···O distance 2.888(2) Å) 213 
molecule, these form hydrogen bonded rings within layers (Figure 4.65).  These hydrogen 
bonds are of a similar strength. 
 
Figure 4.65.  The similar hydrogen bonded units involving C-H···F hydrogen bonds in the left, 5-
fluorocytosine benzoic acid and right, 5-fluorocytosine 3-hydroxybenzoic acid molecular complexes. 
The different crystallisation ratio allows the molecular complex of 5-fluorocytosine and 3-
hydroxybenzoic  acid  to  form  F···F  interactions,  whereas  the  molecular  complex  of  5-
fluorocytosine with benzoic acid shows only C-H···F hydrogen bonds.  Both also show 
stacking of cytosine chains on top of one another, staggered with respect to one another. 
4.10.2.2.  The  Contrasting  4-Hydroxybenzoic  Acid  5-Fluorocytosine  Molecular 
Complex 
 
The  4-hydroxybenzoic  acid  and  5-fluorocytosine  structure  is  quite  different  from  the 
molecular complex of 5-fluorocytosine and 3-hydroxybenzoic acid, crystallising in a 1:1 
ratio. Two cytosine molecules hydrogen bond to one another through a type B pseudo-
Hoogsten  motif  as  found  in  the  other  neutral  5-fluorocytosine  molecular  complexes. 
However,  instead  of  expanding  through  a  type  A  hydrogen  bond  motif,  the  chain  is 
terminated by formation of a hydrogen bonded ring with 4-hydroxybenzoic acid molecules 
(Figure 4.66).  There are weak C-H···F hydrogen bonds between units and base stacking is 
still  prevalent  but  in  this  case,  5-fluorocytosine  molecules  tend  to  stack  above  4-
hydroxybenzoic acid molecules and vice versa.  
 
Figure 4.66. Termination of 5-fluorocytosine chain via formation of a hydrogen bonded ring in the 5-
fluorocytosine and 4-hydroxybenzoic acid molecular complex. 214 
4.10.3. Molecular Complexes Containing Charged Species Only 
 
There  are  four  structures  in  this  series  that  contain  full  hydrogen  transfer  to  the 
unprotonated nitrogen of the cytosine from the carboxyl group of the benzoic acid. This 
creates  cytosinium  and  benzoate  ions.  These  molecular  complexes  are:  cytosinium 
salicylate, 5-fluorocytosinium salicylate, cytosinium 5-fluorosalicylate, and cytosinium 3-
hydroxybenzoate hemihydrate. All of these structures form in a 1:1 ratio of cytosinium to 
the benzoate. The molecular complex cytosinium 3-hydroxybenzoate hemihydrate is the 
only hydrated complex and this forms in a 2:2:1 ratio of cytosinium to 3-hydroxybenzoate 
to  water.  All  four  structures  adopt  the  same  primary  hydrogen  bonding  pattern  of  the 
heterodimer hydrogen bonded ring (Figure 4.67). This hydrogen bonding motif involves 
two hydrogen bonds, one from the amine group of the cytosine to one of the oxygen atoms 
of the carboxylate group of the benzoate and the other between the protonated nitrogen of 
the cytosinium and the other oxygen of the carboxylate group of the benzoate (Table 4.13). 
   
Figure 4.67. Primary hydrogen bonding motif in the four related charged structures; (a) left, 
cytosinium salicylate middle, 5-fluorocytosinium salicylate right, cytosinium 5-fluorosalicylate; (b) two 
independent heterodimers in cytosinium 3-hydroxybenzoate hemihydrate. 
Table 4.13. Hydrogen bonds of the primary hydrogen bonding motif, the heterodimer, 
in the fully charged molecular complexes. 
Molecular Complex  N-H---O (amine)  N-H---O (ring N) 
Cytosinium Salicylate  2.748(2) Å  2.724(2) Å 
5-Fluorocytosinium Salicylate  2.752(2) Å  2.770(2) Å 
Cytosinium 5-Fluorosalicylate  2.759(2) Å  2.784(2) Å 
Cytosinium 3-hydroxybenzoate dimer 1  2.773(2) Å  2.787(2) Å 
Cytosinium 3-hydroxybenzoate dimer 2  2.773(2) Å  2.741(2) Å 
 
The  hydrogen  bonding  environment  around  the  heterodimers  is  the  same  for  all  three 
anhydrous molecular complexes (Figure 4.68). There are three hydrogen bonds from the 
cytosinium and one hydrogen bond involving the salicylate; there are however, only two 
unique hydrogen bonds (Table 4.14).  The hydrogen bonds in the two complexes involving 
salicylate are approximately the same; however, the hydrogen bonds in the complex with 
(a)  (b) 215 
5-fluorosalicylate  are  considerably  longer.    The  presence  of  the  fluorine  on  the  5-
fluorosalicylate molecule may be playing a significant part in this. 
 
Figure 4.68. Hydrogen bonding environment of the cytosinium molecule in: left, cytosinium salicylate; 
middle, 5-fluorocytosinium salicylate; and right, cytosinium 5-fluorosalicylate. 
Table 4.14 Hydrogen bonds involving the primary hydrogen bonding motif in the 
three anhydrous fully charged molecular complexes. 
Molecular Complex  N-H···O  (ring  to  carboxyl) 
(Å) 
N-H···O  (amine  to  carbonyl) 
(Å) 
Cytosinium salicylate  2.693(2)  2.872(2) 
5-Fluorocytosinium 
salicylate 
2.700(2)  2.871(2) 
Cytosinium                
5-fluorosalicylate 
2.722(2)  3.041(2) 
 
All three of these molecular complexes form the same cytosinium chain constructed from 
adjacent heterodimers of cytosinium and salicylate aligned almost perpendicular to one 
another  (Figure  4.69).  The  links  to  neighbouring  chains  are  also  the  same  in  all  three 
structures. This takes the form of a hydrogen bond from a protonated ring nitrogen of the 
cytosinium to one of the oxygen atoms of the carboxylate group (Figure 4.70). 
 
Figure 4.69. Hydrogen bonded chains of heterodimers in: left, cytosinium salicylate; middle; 
cytsoinium 5-fluorosalicylate; right, 5-fluorocytosinium salicylate. 216 
 
Figure 4.70. The linking of the cytosinium chains in the molecular complexes of: top, left cytosinium 
salicylate; top right, cytosinium 5-fluorosalicylate; bottom, 5-fluorocytosinium salicylate. 
The  main  difference  between  the  structures  is  the  positioning  of  the  fluorine  on  the 
molecular components and the interactions formed as a consequence of this. This explains 
why there are differences in the unit cell parameters (Table 4.15). 
Table 4.15. Unit cells of the three anhydrous fully charged molecular complexes. 
Crystal 
Structure 
Cytosinium 
salicylate 
5-Fluorocytosinium 
salicylate 
Cytosinium 5-
fluorosalicylate 
Space Group  P21/n  P21/n  P21/n 
a (Å)  9.6425(3)  7.8518(17)  8.3534(7) 
b (Å)  8.4698(3)  10.6457(24)  10.1434(7) 
c (Å)  13.9021(4)  13.3065(29)  13.1203(10) 
α (
o)  90  90  90 
β (
o)  109.887(2)  100.041(15)  101.860(4) 
γ (
o)  90  90  90 
 
 
Figure 4.71. Fluorine interactions in left, cytosinium 5-fluorosalicylate and right 5-fluorocytosinium 
salicylate molecular complexes. 
There are two fluorine interactions in the cytosinium 5-fluorosalicyate molecular complex, 
one of which involves the cytosinium molecule and one between two salicylate molecules 
(Figure  4.71,  left).  The  interaction  with  the  cytosinium  can  be  classed  as  a  bifurcated 
DDHHA C-H···F weak hydrogen bond with C···F distances of 3.027(2) Å and 3.079(2) Å. 217 
The  cytosinium  molecule  lies  in  the  same  plane  as  the  salicylate.  The  other  fluorine 
interaction  is  between  the  fluorine  and  the  hydroxyl  oxygen  of  a  nearby  salicylate 
molecule. This O···F distance is 2.925(2) Å and is somewhat shorter than the sum of the 
van der Waals radii of oxygen and fluorine which is 2.99 Å. This pulls the molecules 
closer together and contracts the unit cell in two of the three axes in comparison to the non-
fluorinated  cytosinium  salicylate  molecular  complex.  The  5-fluorocytosinium  salicylate 
molecular complex also has an F···F interaction (Figure 4.71, right). This is between two 5-
fluorocytosinium molecules that are in two separate planes parallel to one another. This 
interaction has an F···F distance of 2.744(2) Å (c.f. sum of the van der Waals radii of 2.94). 
There is a weak C-H···F hydrogen bond with  a C···F distance of 3.278(2) Å.  This is 
weaker than that found in the cytosinium 5-fluorosalicylate molecular complex. 
The  cytosinium  3-hydroxybenzoate  molecular  complex  does  not  fit  this  pattern  as  the 
structure contains water molecules, and also because the hydroxyl group is available to 
form intermolecular hydrogen bonds.  There are two independent heterodimers and these 
have different hydrogen bond environments.  Five hydrogen bonds are still formed per 
cytosinium  molecule,  two  of  which  comprise  the  heterodimer  hydrogen  bonded  ring.  
However, instead of forming two hydrogen bonds to cytosinium molecules and one to a 
benzoate, here there is only one hydrogen bond to another cytosinium molecule.  The 
additional two hydrogen bonds are formed to two 3-hydroxybenzoate molecules in one 
case, and one 3-hydroxybenzoate and one water in the other. In common with the other 
structures,  there  are  still  hydrogen  bonds  between  a  protonated  ring  nitrogen  of  the 
cytosine to a nearby 3-hydroxybenzoic acid molecule with N···O distances of 2.688(2) Å 
(dimer  1)  and  2.760(2)  Å  (dimer  2),  shorter  than  those  found  in  the  other  molecular 
complexes. There is also a hydrogen bond from a protonated nitrogen to a carboxyl oxygen 
of another cytosine. This bond is of moderate strength and is of length 2.760(2) Å (dimer 
1) and 2.718(2) Å (dimer 2).  
 
Figure 4.72. The hydrogen bonds from the heterodimer (dimer 1 green and dimer 2 blue) in the 
cytosinium 3-hydroxybenzoate hemihydrate molecular complex 218 
When there is 100% transfer of a hydrogen atom creating solely charged species in the 
molecular complex, the predominant hydrogen bonding motif is the heterodimer hydrogen 
bonded ring between a cytosine and the carboxylate group of the substituted benzoic acid. 
None  of  the  fluorine  substitution,  the  hydroxyl  group  or  the  introduction  of  a  water 
molecule interrupts this basic hydrogen bonding motif.  
4.10.4. Molecular Complexes Showing Mixed Charge Molecular Components 
 
In this case, both neutral and protonated cytosine molecules are found within the molecular 
complex  and  these  molecular  complexes  are  all  hydrates.  These  are:  cytosine  and  4-
hydroxybenzoic acid hydrate, 5-fluorocytosine and 5-fluorosalicylic acid hydrate, cytosine 
and  5-fluorosalicylic  acid  hydrate.  When  there  is  mixed  hydrogen  transfer,  the 
predominant hydrogen bonding motif is the pseudo-Watson-Crick base pair. This hydrogen 
bonding motif is only possible if both cytosine and cytosinium molecules co-exist in the 
molecular complex (Figure 4.73).  The hydrogen bond strengths are similar in all of these 
molecular complexes (Table 4.16). 
 
Figure 4.73. Pseudo-Watson-Crick base pair in the, left cytosine 4-hydroxybenzoic acid hydrate 
molecular complex, middle 5-fluorocytosine 5-fluorosalicylic acid hydrate molecular complex and 
right, cytosine 5-fluorosalicylic acid hydrate molecular complex 
 
Table 4.16. Hydrogen bonds of the pseudo-Watson-Crick hydrogen bonding motif 
  1. N-H---O 
(Å) 
2. N---H-N 
(Å) 
3. O---H-N 
(Å) 
Cytosine and Benzoic acid  2.771(3)  2.844(2)  2.914(2) 
Cytosine and 4-hydroxybenzoic 
acid hydrate 
2.805(2)  2.848(3)  2.909(2) 
5-fluorocytosine and 5-
fluorosalicylic acid hydrate 
2.740(2)  2.837(3)  2.967(2) 
Cytosine  and  5-fluorosalicylic 
acid hydrate 
2.767(2)  2.852(2)  2.943(3) 
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Figure 4.74 Left, hydrogen bonded chains and right, linking of the chains in the molecular complex of 
cytosine and benzoic acid 
In the molecular complex formed between cytosine and benzoic acid, the pseudo-Watson 
Crick base pairing motif is also observed.  These units are formed into flat chains which 
are  bridged  by  benzoate  molecules  (Figure  4.74).  However,  the  introduction  of  water 
molecules, the increased hydrogen bonding available via the hydroxy substituent on the 
benzoic  acid,  and  the  different  crystallisation  ratios  give  rise  to  significantly  different 
extended  structures.  This  increased  hydrogen  bonding  stops  the  formation  of  extended 
cytosine chains in all three structures by termination by a benzoic acid, a water molecule or 
a combination of both.  
The pseudo-Watson-Crick base pairs are formed in the cytosine and 5-fluorocytosine with 
5-fluorosalicylic acid molecular complexes, but there is also a type B base pairing and the 
combination of these connects four cytosine or 5-fluorocytosine molecules together (two 
neutral  and  two  charged)  (Figure  4.75).  The  termination  of  the  chain  is  through  a 
combination  of  hydrogen  bonding  involving  water  molecules  and  5-fluorosalicylate 
molecules  (Figure  4.76).    A  moderate  N-H···O  hydrogen  bond  is  formed  from  the 
protonated ring nitrogen to the carboxylate group of the 5-fluorosalicylate molecule and a 
weak C-H···O hydrogen bond from an aromatic ring hydrogen on the cytosine to the other 
oxygen  of  the  carboxylate  group  (Table  4.17).    The  first  water  molecule  forms  two 
hydrogen bonds within the same plane; one O-H···O to the carbonyl oxygen of the cytosine 
of O···O distances of 2.838(2) Å and 2.857(2) Å for the cytosine and 5-fluorocytosine 
molecules, respectively; a second to the carboxyl group with O···O distances of 2.749(2) Å 
and 2.846(2) Å for the cytosine and 5-fluorocytosine molecules, respectively. A second 
water molecule connects layers of these units through hydrogen bonds to the amine groups 
of  the  cytosine  molecules  with  N···O  distances  of  2.879(2)  Å  and  2.885(2)  Å  for  the 
cytosine and 5-fluorocytosine molecules, respectively.  The resultant structures are layered 
in nature, and the connection between layers is due to hydrogen bonds involving one of the 
water molecules and through base stacking. 220 
 
Figure 4.75. Pseudo-Watson-Crick and type B base-pairing in the cytosine and 5-fluorosalicylic acid 
molecular complex (left) and the 5-fluorocytosine and 5-fluorosalicylic acid molecular complex (right). 
   
Figure 4.76 Termination of the chain in the cytosine and 5-fluorosalicylic acid molecular complex (left) 
and 5-fluorocytosine and 5-fluorosalicylic acid molecular complex (right) 
Table 4.17. Hydrogen bonding in the isostructures of cytosine and 5-fluorosalicylic 
acid hydrate and 5-fluorocytosine and 5-fluorosalicylic acid hydrate 
  Cytosine and 5-
fluorosalicylic acid 
hydrate 
5-fluorocytosine and 
5-fluorosalicylic acid 
hydrate 
N-H···O (protonated nitrogen to 
carboxylate group) (Å) 
2.718(2)  2.684(2) 
C-H···O (aromatic ring 
hydrogen to carboxylate group) 
(Å) 
3.185(3)  3.097(2) 
O-H···O (1
st water molecule and 
the carbonyl oxygen of the 
cytosine (Å) 
2.838(2)  2.857(2) 
O-H···O (1
st water molecule and 
the carboxyl group) (Å) 
2.749(2)  2.846(2) 
N-H···O (2
nd water molecule and 
the amine group) (Å) 
2.879(2)  2.885(2) 
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Figure 4.77. Extended hydrogen bonded chain of alternating cytosine and 4-hydroxybenzoic acid 
molecules in the cytosine and 4-hydroxybenzoic acid molecular complex 
The cytosine 4-hydroxybenzoic acid molecular complex crystallises in an unusual 2:3 ratio 
of  cytosine  to  4-hydroxybenozic  acid.    This  leads  to  the  presence  of  two  neutral  4-
hydroxybenzoic  acid  molecules  and  one  4-hydroxybenzoate  molecule  in  the  molecular 
complex in addition to the cytosine and cytosinium molecules (and water).  The cytosine 
chain  is  terminated  by  4-hydroxybenzoic  acid  molecules,  however,  these  molecules 
become part of the chain spacing the base pairs, a consequence of the crystallisation ratio 
(Figure 4.77). A hydrogen-bonded ring is formed with the cytosine through the carboxyl 
group,  the  protonated  ring  nitrogen  of  the  cytosine  and  the  carbonyl  oxygen  of  the 
cytosine. A single hydrogen bond is also formed between the amine group of the cytosine 
to hydroxy oxygen of the 4-hydroxybenzoic acid. The 4-hydroxybenzoate molecule, in 
combination with the water molecules does, however, still act as a bridging unit between 
layers of these cytosine 4-hydroxybenzoic acid chains. 
In summary, the 4-hydroxybenzoic acid and cytosine structure is not as closely related to 
the  other  two  structures  due  to  the  different  basic  building  block.  However,  the  5-
fluorosalicylic  acid  :  5-fluorocytosine  hydrate  and  the  cytosine  :  5-fluorosalicylic  acid 
structures are very closely related.  
4.10.5. The Effect of the Fluorine 
The presence of fluorine in the molecular complexes presented in this chapter does not 
interrupt any of the primary base-pairing motifs that are possible; the primary base-pairing 
motif  is  instead  dependent  on  proton  transfer  and  the  crystallisation  ratio.  The  most 
common interaction involving fluorine, which is found in all of the fluorinated molecular 
complexes,  is  a  weak  C-H···F  hydrogen  bond.    Fluorine-fluorine  interactions  are  also 
observed but these are much less common. These interactions have been found to play a 
subtle role in similar molecular complexes. This is clearly demonstrated by the presence of 
the  additional  fluorine  atom  in  the  5-fluorosalicylic  acid  and  5-fluorocytosine  hydrate 222 
molecular complex compared to the 5-fluorosalicylic acid and cytosine hydrate molecular 
complex; the additional fluorine atom is involved in a weak hydrogen bond and fluorine 
fluorine interactions. 
The fluorine atom also acts as a link between layers through fluorine-fluorine interactions. 
This  type  of  interaction  is  seen  in  the  5-fluorocytosine  and  salicylic  acid  molecular 
complex and also the 5-fluorocytosine and 3-hydroxybenzoic acid complex. 
4.10.6. Base Stacking Interactions 
Base stacking interactions are found in all of the structures presented in this chapter. The 
majority of the structures contain a staggered stacking motif (Figure 4.78). The staggered 
stacking results in molecules lying over a hydrogen bonded pair - the layer spacing in these 
cases is shorter than that found where there is no staggering. The molecular complexes that 
do not show this staggering of the layers  with  respect to one another  have  a  cytosine 
stacked  on  top  of  another  cytosine.  In  the  cases  where  there  are  mixed  cytosine  and 
cytosinium molecules, cytosinium molecules are stacked upon neutral cytosine molecules. 
In  the  hydrated  molecular  complexes,  base  stacking  is  still  present  but  the  strongest 
interactions between layers are hydrogen bonds involving the water molecules creating a 
stronger three dimensional hydrogen bonded structure with strong links between layers 
rather than the weaker  base stacking interactions and fluorine interactions between the 
layers. 
 
Figure 4.78. Staggered stacking interactions observed in several structures in this chapter. 
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Chapter 5 Molecular Complexes of Urea and Thiourea with Cytosine and Uracil and 
their Fluorinated Derivatives 
 
The structures presented in this chapter are based around four base molecules (cytosine, 5-
fluorocytosine, uracil and 5-fluorouracil) and the molecular complexes that they form with 
urea and thiourea.  
5.1. 1:1 Molecular Complex of 5-Fluorouracil and Urea 
 
5-Fluorouracil and urea were dissolved in methanol in a 1:1 molar ratio and the solvent 
was allowed to evaporate slowly until crystals formed. The crystals were colourless plates 
and the crystal used for characterisation by X-ray diffraction had approximate dimensions 
of 0.5mm x 0.2mm x 0.1mm. Data were collected on a Bruker Apex II CCD diffractometer 
equipped  with  an  Oxford  Cryosystems  Helix  at  100K.  Crystallographic  data  are 
summarised in Table 5.8 at the end of this Chapter. 
The molecular complex forms in a 1:1 ratio of 5-fluorouracil to urea. The pseudo Watson 
Crick base pair is not possible in the uracil molecular complexes as both heteroatoms of 
the ring are protonated. This structure contains no homo base pairing; there is a hetero 
base-pair motif between the uracil and the urea forming a hydrogen-bonded ring (Figure 
5.1). 
 
Figure 5.1. The hetero base pairing between 5-fluorouracil and urea in the 1:1 molecular complex. 
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Table  5.1.  The  hydrogen  bonds  involving  the  5-fluorouracil  molecule  in  the  1:1 
molecular complex with urea.  A-E represent the labelling in Figure 5.1. 
 
 
 
 
 
 
The 5-fluorouracil molecule is involved in six hydrogen bonds (Table 5.1); there are two 
hetero base-pairing motifs involving the oxygen para to the fluorine and the heteroatoms. 
The  oxygen  acts  as  a  hydrogen  bond  acceptor  and  forms  two  independent  N-H···O 
hydrogen bonds to the amine groups of two symmetry related urea molecules; both are of 
moderate strength with N···O distances of 2.852(3) and 2.865(3) Å. The two heteroatoms 
in the 5-fluorouracil ring act as hydrogen bond donors to the oxygen atoms on the two urea 
molecules. These bonds are also of moderate strength and have N···O distances of 2.793(3) 
Å and 2.779(3) Å.  These hetero base-pair motifs form into chains of alternating urea and 
5-fluorouracil molecules (Figure 5.2).  There is an additional weak C-H···O hydrogen bond 
between 5-fluorouracil molecules within the same chain.  This has a C···O distance of 
3.522 (2) Å. 
 
Figure 5.2. Hetero base- paired chains of urea and 5-fluorouracil. 
Parallel chains are connected to one another through N-H···O bifurcated hydrogen bonding 
(Bond A and B, Figure 5.1) to chains which run almost perpendicular to them (Figure 5.3). 
These hydrogen bonds are of moderate strength and have N···O distances of 3.011(2) Å.  
This creates 10 molecule hydrogen bonded rings. The interlocking chains produce a net-
like structure (Figure 5.4). 
Hydrogen Bond  D···A Distance (Å)  H···A Distance (Å)  DHA Angle (°) 
 
A  3.011(3)  2.15(4)   153(4) 
B  3.134(3)  2.39(5)  140(4) 
C  2.779(3)  1.85(4)  175(3) 
D  2.865(3)  1.98(4)  168(3) 
E  2.852(3)  1.99(4)  167(3) 
F  2.793(3)  1.80(4)  175(3)  
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Figure 5.3. 10 membered ring created by hydrogen bonds in the molecular complex of 5-fluorouracil 
and urea. 
 
 
 
Figure 5.4 Net-like structure in the 5-fluorouracil and urea molecular complex. The black box 
represents the chain formed in Figure 5.3 and the red box represents one of the two chains in Figure 
5.3. 
A  chain  belonging  to  an  inverted  net-like  structure  is  located  in  the  centre  of  the  ten 
molecule  hydrogen  bonded  ring.    This  is  held  in  place  by  a  combination  of  fluorine-
fluorine and base-stacking interactions (Figure 5.5, left). 
 
 
Figure 5.5. Left, fluorine=fluorine and base-stacking interactions holding the inverted chain in the 
centre of the ten molecule hydrogen bonded ring; right the crystal packing viewed along the c axis in 
the 5-fluorouracil and urea molecular complex. 
The green and yellow chains in Figure 5.6 make up one of the net-like structures and the 
purple and white chains make up the other net-like structure; these are inversions of one 
another. The two structures are closely intertwined.  
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Figure 5.6. The intertwined nets in the molecular complex of 5-fluorouracil with urea.  The first net is 
formed between the green and orange chains, and its inverted equivalent is between the white and 
purple. 
There are no strong interactions between molecules of the same type in this molecular 
complex.    There  are  fluorine-fluorine  interactions  between  5-fluorouracil  molecules  in 
approximately perpendicular chains of length 2.666(3) Å (Figure 5.7).  This is significant 
when compared to the sum of the van der Waals radii for two fluorine atoms (2.94 Å). 
There is also an N-H···F weak hydrogen bond between the amine group of a urea molecule 
in a different almost perpendicular chain. This bond has an N···F distance of 3.218(3) Å.  
   
Figure 5.7. Fluorine interactions in the 5-fluorouracil and urea molecular complex. 
One important factor that is present in the majority of structures involving any of the bases, 
fluorinated  or  natural,  is  base  stacking.    There  are  two  distinctly  different  stacking 
interactions in this molecular complex (Figure 5.8). One involves a urea stacked above a 5-
fluorouracil molecule and the other involves a 5-fluorouracil stacked above a separate 5-
fluorouracil  molecule.  The  5-fluorouracil  stacking  interactions  show  a  staggered 
configuration  with  the  molecules  being  shifted  by  the  width  of  half  a  5-fluorouracil 
molecule. The stacking interaction here was calculated by calculating a best plane for each 
5-fluorouracil  molecule  involved,  then  measuring  the  perpendicular  difference  between 
these two planes; in this case this is approximately 3.095 Å.  
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Figure 5.8. Stacking interactions in the 5-fluorouracil and urea molecular complex. 
 
The other stacking interaction involves a urea molecule stacked on top of a 5-fluorouracil 
molecule, however, as these two planes are not parallel with respect to each other the 
distance between the centroid of the π bond on the 5-fluorouracil and the oxygen atom of 
the urea molecule was used to estimate the stacking distance; this was approximately 3.002 
Å. 
 
 
Figure 5.9. Global packing in the 5-fluorouracil and urea molecular complex. The 5-fluorouracil 
molecules are shown in red and the urea molecules in green. 
 
The global packing of the structure shows that there are defined regions or “rows” of like 
molecules.  Figure  5.9  shows  that  the  “row”  of  5-fluorouracil  molecules  has  these  all 
positioned  in  the  same  orientation  (red)  whilst  the  “row”  of  urea  molecules  has  every 
second molecule positioned in a perpendicular manner to the previous one. This shows the 
role the urea molecule has in linking the structure three dimensionally through hydrogen 
bonding. 
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5.2. 1:1 Molecular Complex of Uracil and Urea 
 
Uracil  and  urea  were  dissolved  in  methanol  in  a  1:1  molar  ratio  and  the  solvent  was 
allowed to evaporate slowly until crystals formed. The crystals were colourless plates and 
the crystal used for characterisation by X-ray diffraction had approximate dimensions of 
0.5mm x 0.2mm x 0.1mm. Data were collected on a Bruker Apex II CCD diffractometer 
equipped  with  an  Oxford  Cryosystems  Helix  at  100K.  Crystallographic  data  are 
summarised in Table 5.8. 
The molecular complex forms in a 1:1 ratio of uracil to urea and contains no homo-base-
pairing but there is a hetero base paired motif between the uracil and the urea (Figure 
5.10).  This molecular complex is isostructural with the urea and 5-fluorouracil molecular 
complex. 
 
Figure 5.10. The hydrogen bonding environment of the uracil molecule in its molecular complex with 
urea. 
Table  5.2.  The  hydrogen  bonds  involving  the  5-fluorouracil  molecule  in  the  1:1 
molecular complex with urea.  A-E represent the labelling in Figure 5.10. 
Hydrogen Bond  D···A Distance (Å)  H···A Distance (Å)  DHA Angle (°) 
 
A  3.001(4)  2.25(5)  146(4) 
B  2.927(4)  2.14(4)  150(3) 
C  2.781(4)  1.93(5)  172(4) 
D  2.873(4)  2.02(5)  170(4) 
E  2.883(4)  2.06(4)  159(3) 
F  2.794(4)  1.94(4)  174(4) 
 
This structure, as seen in the equivalent 5-fluorouracil complex, has the uracil molecule 
involved  in  six  hydrogen  bonds  (Table  5.2);  there  are  two  hetero  base-pairing  motifs  
229 
involving the oxygen positioned between the two heteroatoms of the cytosine ring. The 
oxygen  atom  acts  as  a  hydrogen  bond  acceptor  and  forms  two  independent  N-H···O 
hydrogen bonds to the amine groups of two symmetry related urea molecules; both are of 
moderate strength with N···O distances of 2.873(4) Å and 2.883(4) Å. To complete the 
hetero base-pairing motifs, the two heteroatoms in the uracil ring act as hydrogen bond 
donors to the oxygen atoms on the two urea molecules. These bonds are also of moderate 
strength and have N···O distances of 2.794(4) Å and 2.781(4) Å. These form into hetero 
base-paired chains of alternating urea and uracil molecules (Figure 5.11). 
 
Figure 5.11. Hetero base- paired chains of urea and uracil. 
 
 
 
Figure 5.12. 10 membered ring created by hydrogen bonds in the molecular complex of uracil and 
urea. 
 
Figure 5.12 shows how the parallel chains are connected to one another through N-H···O 
bifurcated hydrogen bonding (Bond A and B, Figure 5.10) to chains which run almost 
perpendicular to them (Figure 5.12). These hydrogen bonds are of moderate strength and 
have N···O distances of 3.001(4) Å and 2.927(4) Å. This creates 10 molecule hydrogen 
bonded rings. The interlocking chains produce a net-like structure (Figure 5.13).  
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Figure 5.13. Left, the net like structure and right, the crystal packing of intertwined nets viewed along 
the c axis in the uracil and urea molecular complex. 
 
A  chain  belonging  to  an  inverted  net-like  structure  is  located  in  the  centre  of  the  ten 
molecule hydrogen bonded ring (Figure 5.14). However this is, for obvious reasons, not 
held in place by fluorine interactions but solely by base-stacking interactions.  
 
 
Figure 5.14. The intertwined nets in the molecular complex of uracil with urea.  The first net is formed 
between the green and orange chains, and its inverted equivalent is between the white and purple. 
 
With no fluorine atoms, the main link between layers, aside from the previously described 
hydrogen bonds, is the stacking interactions. The stacking interactions are very similar to 
those in the previous section in both the positioning and the arrangement. Once again there 
are two distinct stacking interactions in this structure, one between two uracil molecules 
and one between a uracil and a urea molecule (Figure 5.15). The distances between the 
planes were calculated in the same manner as the 5-fluorouracil and urea structure. The 
distance  between  the  two  uracil  molecules  is  approximately  3.160  Å  and  the  distance 
between the uracil and urea molecules is approximately 3.091 Å.  
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Figure 5.15. Stacking interactions in the uracil and urea molecular complex. 
 
 
 
Figure 5.16. Global packing in the uracil and urea molecular complex. The uracil molecules are shown 
in red and the urea molecules in green. 
 
The global packing, seen in this structure, shows that there are defined regions or “rows” 
of like molecules. The “row” of uracil molecules are all positioned in the same orientation 
(red  in  Figure  5.16),  whilst  the  “row”  of  urea  molecules  has  every  second  molecule 
positioned in a perpendicular manner to the last one (green in Figure 5.16). Urea molecules 
again link the structure three dimensionally through hydrogen bonding. 
5.3 1:1 Molecular Complex of 5-Fluorouracil and Thiourea 
 
5-Fluorouracil and thiourea were dissolved in methanol in a 1:1 molar ratio and the solvent 
was allowed to evaporate slowly until crystals formed. The crystals were colourless plates 
and the crystal used for characterisation by X-ray diffraction had approximate dimensions 
of 0.5mm x 0.2mm x 0.1mm. Data were collected on a Bruker Apex II CCD diffractometer 
equipped  with  an  Oxford  Cryosystems  Helix  at  100K.  Crystallographic  data  are 
summarised in Table 5.8.  
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The molecular complex forms in a 1:1 ratio of 5-fluorouracil to thiourea. There is homo 
base pairing in this structure (Figure 5.17) and also a hetero-pseudo-base-pairing motif 
between the 5-fluorouracil and thiourea molecules. 
 
Figure 5.17. Homo base-pairing in the 5-fluorouracil and thiourea molecular complex. 
 
The homo base pair in this structure is a pseudo Hoogsteen of type B, which involves two 
moderate strength hydrogen bonds with both being of equivalent length of 2.808(2) Å; 
there is an inversion centre in the centre of the hydrogen bonded ring (R2
2(8)). Unlike other 
similar structures, a homo base paired chain does not form in this case. The chain here 
involves both 5-fluorouracil and thiourea molecules where a 5-fluorouracil dimer is spaced 
by two thiourea molecules (Figure 5.18). 
 
Figure 5.18. Alternating pairs of 5-fluorouracil and thiourea molecules in the hydrogen bonded chain. 
The hetero pseudo-base-pairs that form between a thiourea and a 5-fluorouracil molecule 
consist of N-H···S and a N-H···O hydrogen bonds of N···S and N···O distances of 3.184(3) 
Å (D in Figure 5.19) and 3.024(3) Å (E in Figure 5.19), respectively.  The linking of the 
two types of base pairing is shown in Figure  5.20.   In  addition, there are two further 
hydrogen  bonded  rings  formed  involving  both  thiourea  and  5-fluorouracil.    The  first 
involves  two  5-fluorouracil  molecules  and  one  thiourea  molecule  with  three  N-H···O 
hydrogen bonds (A, B and C in Figure 5.19).  This ring has graph set notation of R4
2(8).  
The second forms a diamond shape and involves two 5-fluorouracil molecules and two 
thiourea molecules with four N-H···O hydrogen bonds (alternating C and E Figure 5.19)  
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with an inversion centre in the centre of the ring.  This ring also has graph set notation of 
R4
2(8). 
 
 
Figure 5.19.  The hydrogen bonding pattern in the chains of alternating 5-fluorouracil and thiourea 
molecules. 
Table 5.3. The hydrogen bonds involving the 5-fluorouracil and thiourea molecules in 
the 1:1 molecular complex of 5fluorouracil and thiourea.  A-E represent the labelling 
in Figure 5.19. 
Hydrogen Bond  D···A Distance (Å)  H···A Distance (Å)  DHA Angle (°) 
 
A  2.808(2)  1.99(2)  176(2) 
B  2.922(2)  2.06(2)  167(2) 
C  2.911(2)  2.05(2)  154(2) 
D  3.184(1)  2.30(2)  174(2) 
E  3.023(2)  2.17(2)  168(2) 
 
 
Figure 5.20. The two types of base-pairing in the molecular complex of 5-fluorouracil with thiourea.  
Black indicates the homo base pair and red represents the thiourea 5-fluorouracil hetero base pair 
motif. 
In this structure, the fluorine atom on the 5-fluorouracil molecule is involved in a weak 
hydrogen bond (Figure 5.21). This is the only interaction in which the fluorine is involved. 
This interaction involves one of the hydrogen atoms of one of the amine groups of the 
thiourea and the fluorine on the 5-fluorouracil. This bond is of moderate strength and has 
an N···F distance of 2.931(3) Å. These interactions supplement the other hydrogen-bonded 
interactions of each chain.  
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Figure 5.21. Weak hydrogen bond involving the fluorine atom in the 5-fluorouracil and thiourea 
molecular complex. 
 
   
 
Figure 5.22. Weak hydrogen bond linking chains of 5-fluorouracil and thiourea. 
 
Weak hydrogen bonds provide a link between chains creating layers. A ring made up of 
four hydrogen bonds and two unique distances present is formed (Figure 5.22). The first of 
these hydrogen bonds is a weak N-H···S hydrogen bond, from the hydrogen on a heteratom 
next to the oxygen in the uracil ring and the sulphur of a nearby thiourea. This N···S bond 
distance is 3.184(2) Å and is of moderate strength. This bond appears twice in the ring 
formed (Figure 5.22 right, A). The second hydrogen bond present is a C-H···S hydrogen 
bond  and  involves  the  hydrogen  on  a  carbon  in  between  the  fluorine  atom  and  a 
heteroatom in the ring and the same sulphur atom involved in the first hydrogen bond. This 
bond is of weak strength and has a C···S distance of 3.720(2) Å. These hydrogen bonds 
combine to link the previously described chains together. 
There is a weak N-H···S hydrogen bond between adjacent layers where the amino group of 
the thiourea molecule is slightly twisted out of the plane (Figure 5.23). This twisting may 
be what causes the chains, described earlier, to deviate from planarity as it is clear to see 
that the thiourea molecules are twisted out the plane towards each other. This interaction is 
made up of two equivalent hydrogen bonds. This forms what resembles a base-paired motif 
with two hydrogen bonds forming between equivalent areas of the two molecules involved  
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in the bonding motif. The bonds are from the amine group of one thiourea to the sulphur of 
a nearby thiourea. The bonds are of weak strength with an N···S distance of 3.439(2) Å. 
 
 
Figure 5.23. Sulphur interactions between the layers in the molecular complex of 5-fluorouracil and 
thiourea. 
There  are  also  π-π  interactions  between  parallel  chains  (Figure  5.24).  Structures  that 
involve  bases  usually  have  base-stacking  interactions,  however,  here  the  stacking 
interactions  are  staggered  to  an  extent  that  the  5-fluorouracil  is  stacked  on  top  of  the 
thiourea (Figure 5.24), meaning that the π- π interactions are between the 5-fluorouracil 
and thiourea. The approximate stacking distance is 3.281 Å. 
 
 
Figure 5.24 Overlayed chains in the molecular complex of 5-fluorouracil and thiourea. 
5.4 3:1:1 Molecular Complex of 5-Fluorocytosine Thiourea Hydrate 
 
5-Fluorocytosine and thiourea were dissolved in methanol in a 1:1 molar ratio and the 
solvent was allowed to evaporate slowly until crystals formed. The crystals were colourless 
plates  and  the  crystal  used  for  characterisation  by  X-ray  diffraction  had  approximate 
dimensions of 0.3mm x 0.3mm x 0.1mm. Data were collected on a Bruker Apex II CCD 
diffractometer equipped with an Oxford Cryosystems Helix at 100K. Crystallographic data 
are summarised in Table 5.8. 
The molecular complex forms in a 3:1:1 ratio of 5-fluorocytosine to thiourea to water. This 
structure contains no hydrogen transfer and contains three independent 5-fluorocytosine 
molecules. For structures that contain no hydrogen transfer the most common bonding 
motifs adopted are the type A and type B and in many structures these will combine to  
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form elongated chains. This structure does contain these elongated chains; in fact, there are 
two independent chains of this type. These chains both contain the same combination of 
type A and type B bonding motifs, but they are different in that one is made up of two 
independent 5-fluorocytosine molecules (chain 2) whilst the other chain is made up of one 
independent 5-fluorocytosine molecule (chain 1).  
 
 
Figure 5.25. Extended 5-fluorocytosine chain (chain 1) formed in the molecular complex of 5-
fluorocytosine and thiourea hydrate. 
In chain 1, the type A bonding motif is made up of two equivalent N-H···N bonds (Figure 
5.25). These bonds involve a hydrogen atom of the amine group of the 5-fluorocytosine 
and the unprotonated heteroatom of the ring of a nearby 5-fluorocytosine. This bond is 
reciprocated  by  inversion  symmetry  to  produce  two  equivalent  hydrogen  bonds.  These 
bonds are of moderate strength and have an N···N distance of 3.009(2) Å. 
The other bonding motif in this chain is the type B bonding motif and this is made up of 
two equivalent N-H···O hydrogen bonds. These involve the hydrogen on the protonated 
heteroatom of the 5-fluorocytosine ring and the oxygen atom of a nearby 5-fluorocytosine. 
Like  the  bonding  present  in  the  type  A  bonding  motif,  this  bond  is  reciprocated  by 
inversion to produce two equivalent hydrogen. The hydrogen bonds are therefore both of 
moderate strength and have an N···O distance of 2.784(2) Å. All of the 5-fluorocytosine 
molecules in this chain are equivalent. 
The same can not be said of chain 2 which is constructed of the two remaining independent 
5-fluorocytosine molecules present in the structure. The same type of chain is formed with 
the alternating type A and B bonding motifs being deployed to form an extended chain. 
However, only every second molecule is equivalent as shown in Figure 5.26.  
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Figure 5.26. The two independent 5-fluorocytosine molecules (one green and one red) combine in the 
molecular complex of 5-fluorocytosine and thiourea hydrate to form an extended chain (chain 2). 
 
 
 
Figure 5.27. All hydrogen bonds (labelled) in the 5-fluorocytosine chain 2 in the molecular complex of 
5-fluorocytosine and thiourea hydrate. 
 
The type A bonding motif is made up of two N-H···N hydrogen bonds in the same manner 
as the other chain, however, there are two distances here. The hydrogen bonds have N···N 
distances  of  (A)  2.958(3)  Å  and  (B)  2.931(2)  Å  with  both  bonds  being  of  moderate 
strength. The type B bonding motif is made up of two independent N-H···O hydrogen 
bonds. These bonds have an N···O distance of (C) 2.750(2) Å and (D) 2.741(2) Å. 
The thiourea molecule becomes involved with chain 2 via a bifurcated hydrogen bond. 
This bifurcated hydrogen bonding only occurs on one side of the chain and with only one 
of the independent molecules in the chain (Figure 5.28, left). The two hydrogen bonds in 
the bifurcated hydrogen bond involve two amine groups of the thiourea molecule and an 
oxygen atom of the 5-fluorocytosine molecule. The two hydrogen bonds are of moderate 
strength and have N···O distances of 2.956(3) Å and 2.896(2) Å. The thiourea molecule is 
orientated perpendicular to the chain. On the other side of the chain there is a thiourea tied 
to the chain via a single hydrogen bond to the oxygen atom of a 5-fluorocytosine molecule 
in the chain that is not involved in the bifurcated bond. This hydrogen bond involves just 
one  of  the  amine  groups  of  the  thiourea  and  the  oxygen  atom  of  the  5-fluorocytosine 
molecule. The thiourea lies below the original plane and is orientated perpendicular to the 
original  chain.  This  thiourea  that  is  below  the  original  plane  is  then  involved  in  the  
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bifurcated  bonding  motif  and  therefore  bridges  two  5-fluorocytosine  chains  (chain  2) 
(Figure 5.29). 
   
 
Figure 5.28. Thiourea linked to either side of the 5-fluorocytosine chain (chain 2) in the molecular 
complex of 5-fluorocytosine and thiourea hydrate. 
 
 
 
Figure 5.29. Thiourea linking separate layers in the molecular complex of 5-fluorocytosine and 
thiourea hydrate. 
As a consequence there are base stacking interactions between the two chains bridged by 
the two thiourea molecules. These stacking interactions are not staggered and have a 5-
fluorocytosine stacked in the same orientation on top of another 5-fluorocytosine molecule 
(Figure 5.30). However, these two 5-fluorocytosine molecules are not equivalent and two 
independent molecules are stacked on top of one another in this structure. The distances 
between the chains was estimated by calculating a centroid in the centre of the ring for 
each 5-fluorocytosine molecule in each chain, and then measuring the distance between 
them. The distance between the planes in this area of the structure is 3.439 Å.  
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Figure 5.30. Chains overlayed in the molecular complex of 5-fluorocytosine and thiourea hydrate. 
 
 
Figure 5.31. Hydrogen bonded ring formed between two thiourea molecules and two water molecules 
in the molecular complex of 5-fluorocytosine and thiourea hydrate. 
 
The water molecules link thiourea molecules together via two unique hydrogen bonds, 
which form a ring comprised of two water and two thiourea molecules (Figure 5.31). The 
first hydrogen bond comes from the amine group of the thiourea and involves the oxygen 
atom  of  the  water  molecule  to  form  a  N-H···O  hydrogen  bond  which  is  of  moderate 
strength. The N···O distance is 2.859(2) Å. The second hydrogen bond involves a hydrogen 
atom of the water molecule and the sulphur of the thiourea. This hydrogen bond is of weak 
strength and has an O···S distance of 3.254(2) Å.  
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Figure 5.32. Left, hydrogen bonded ring formed between two thiourea molecules. Right, the hydrogen 
bonded ring between two thiourea molecules linking four membered rings together in the molecular 
complex of 5-fluorocytosine and thiourea hydrate. 
 
This is not the only way of linking two thiourea molecules together in this structure. The 
other  way  is  through  weak  N-H···S  hydrogen  bonds.  This  forms  a  bonding  motif  that 
resembles a base-paired motif. These bonds come from the amine group of one thiourea 
and goes to the sulphur atom of a nearby thiourea. This bond is reciprocated by inversion 
symmetry to produce the bonding motif. The weak hydrogen bonds here are both of length 
3.365(2) Å. This bonding motif combines with the ring formed with the water molecules to 
form a chain (Figure 5.32). 
 
 
Figure 5.33. Water molecules tied to either side of the 5-fluorocytosine chain (chain 1) in the molecular 
complex of 5-fluorocytosine and thiourea hydrate. 
 
The 5-fluorocytosine chain 1 which is comprised of only one independent 5-fluorocytosine 
molecule, is linked through a single hydrogen bond from the water molecule (Figure 5.33). 
The  bond  here  is  an  O-H···O  hydrogen  bond  of  moderate  strength  and  has  an  O···O 
distance of 2.723(2) Å.  
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Figure 5.34. Water molecules (yellow) linking the separate layers together and the two independent 
chains in the structure (chain 1 purple and chain 2 green) in the molecular complex of 5-fluorocytosine 
and thiourea hydrate. 
Figure 5.34 shows that the chains comprised of the two independent molecules (chain 2, 
green) are stacked on top of each other and the chain formed by just one independent 
molecule is stacked on top of this again (chain 1, purple). There are therefore two stacking 
interactions between chain 1 and chain 2 and these have approximate spacings of 3.307 Å 
and 3.254 Å. 
The three independent 5-fluorocytosine molecules provide a wide opportunity for fluorine 
interactions.  The  fluorine  atoms  in  chain  2  are  both  involved  in  very  similar  fluorine 
interactions. These interactions help to link separate layers together (Figure 5.35, right). 
There are two unique weak bonding motifs present. The first motif involves interactions A 
and B as seen in Figure 5.35, left. These bonds involve the fluorine of one 5-fluorocytosine 
molecule and the C-H group present in the ring or an adjacent 5-fluorocytosine. This bond 
is reciprocated to create a two hydrogen bond motif with two F···H-C hydrogen bonds of 
length 3.281(2) Å and 3.259(1) Å which are of weak strength. The second bonding motif is 
made up of the bonds involving the same areas of the 5-fluorocytosine molecules, but this 
motif is sandwiched by two occurrences of the first motif described. This motif is also 
made up of two F···H-C hydrogen bonds which are of weak strength and are both of length 
3.182(1) Å.  
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Figure 5.35. Left, fluorine interactions between layers and right, the fluorine interactions (red box) and 
the four membered ring of thiourea and water linking separate layers in the molecular complex of 5-
fluorocytosine and thiourea hydrate. 
5.5 2:1 Molecular Complex of 5-Fluorocytosine and Urea 
 
5-Fluorocytosine and urea were dissolved in methanol in a 1:1 molar ratio and the solvent 
was allowed to evaporate slowly until crystals formed. The crystals were colourless with a 
plate  like  shape  and  the  crystal  used  for  characterisation  by  X-ray  diffraction  had 
approximate dimensions of 0.2mm x 0.2mm x 0.1mm. Data were collected on a Bruker 
Apex  II  CCD  diffractometer  equipped  with  an  Oxford  Cryosystems  Helix  at  100K. 
Crystallographic data are summarised in Table 5.8. 
The complex forms in a 2:1 ratio of 5-fluorocytosine to urea. Base-paired chains of 5-
fluorocytosine are formed between alternating independent 5-fluorocytosine molecules of 
pseudo-Hoogsteen type A and type B hydrogen bonded rings. The amine group hydrogen 
bonds with the unprotonated ring nitrogen and this bond is repeated in reverse to complete 
the base pair (C and D in Figure 5.36). The other base pair involves the hydrogen of the 
protonated  nitrogen  of  the  5-fluorocytosine  ring  and  the  oxygen  of  another  5-
fluorocytosine. This bond is repeated in reverse to complete the base pair (A and B in 
Figure 5.36). 
 
Figure 5.36. The base paired chains in the molecular complex of 5-fluorocytosine and urea. 
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Table  5.4. The  hydrogen  bonds  involving  the  5-fluorocytosine  molecule  in  the  2:1 
molecular complex with urea.  A-D represent the labelling in Figure 5.36. 
Hydrogen Bond  D···A Distance 
 
A  2.757(3) Å 
 
B  2.746(3) Å 
 
C  2.960(2) Å 
 
D  2.938(3) Å 
 
 
The urea molecules are involved in a chain of their own forming a base-pairing type motif. 
The hydrogen-bonded ring is made up of two N-H···O hydrogen bonds, the first of which is 
from the oxygen atom of one urea molecule and the amine group of the next urea in the 
chain  and  this  bond  is  reciprocated  to  complete  the  hydrogen-bonded  ring.  The  two 
hydrogen bonds in each base pair are equivalent, there are two independent base pairing 
motifs (A and B in Figure 5.37). The hydrogen bonds making up bonding motif A are both 
of moderate strength and have N···O distances of 2.990(2) Å, whilst the bonds comprising 
bonding motif B both have an N···O distance of 2.933(2) Å. Bonding motifs A and B 
alternate as the chain is perpendicular to the 5-fluorocytosine chain. 
 
Figure 5.37. Urea hydrogen bonded chains in the molecular complex of 5-fluorocytosine and urea. 
Separate  chains  of  5-fluorocytosine  are  linked  via  weak  hydrogen  bonds  involving  the 
fluorine atom on the 5-fluorocytosine. These resemble a base-paired motif with two weak 
C-H···F hydrogen bonds making up each connection between the chains (Figure 5.38) with 
C···F distances of 3.221(2) Å and 3.215(2) Å.  This forms a 5-fluorocytosine framework.  
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Figure 5.38. Fluorine interactions linking separate chains in the molecular complex of 5-fluorocytosine 
and urea. 
The urea chain fits into the centre of the 5-fluorocytosine framework. On one side of the 
urea  chain  the  urea  is  involved  in  a  hydrogen  bond  with  the  amine  group  of  a  5-
fluorocytosine to create a moderate strength N-H···O hydrogen bond with an N···O distance 
of 2.952(2) Å. The other side of the urea chain is involved in two hydrogen bonds with the 
next 5-fluorocytosine chain. These two hydrogen bonds involve the same oxygen atom on 
a 5-fluorocytosine molecule and the two amine groups of the urea molecule. This creates a 
bifurcated hydrogen bond with two N-H···O hydrogen bonds of moderate strength and with 
N···O distances of 2.987(2) Å and 2.965(2) Å. 
 
 
Figure 5.39. Colour coded structure with the cytosine molecules labelled blue and green and the urea 
molecules labelled red showing the positioning of the urea chains in relation to the 5-fluorocytosine 
chains in the molecular complex of 5-fluorocytosine and urea 
This structure is very ordered with the 5-fluorocytosine chains forming with urea chains 
present at ordered intervals in the structure running perpendicular to the 5-fluorocytosine 
chains.  The  structure  once  again  has  base-stacking  interactions  present  between  the 
separate chains of 5-fluorocytosine. As can be seen from Figure 5.39 the chains line up 
closely  but  are  slightly  staggered.  The  base-stacking  interactions  were  calculated  by 
calculating centroids that lined up well between the layers as the layers are not perfectly 
planar. The distance between layers with the blue molecule on top of a green molecule was  
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found to be approximately 3.221 Å and with a green molecule on top of a blue molecule to 
be approximately 3.307 Å. 
5.6 Comparison of Structures 
 
Many co-crystallisations were set up with the aim to get a complete series of structures 
through the combination of uracil, 5-fluoruracil, cytosine and 5-fluorocytosine with both 
urea and thiourea. However, this proved to be problematic due to solubility issues. Water 
and  methanol  are  the  only  solvents  in  which  cytosine  and  5-fluorocytosine  are  freely 
soluble  and  this  restricts  the  crystallisation  setup.  A  wide  variety  of  techniques  were 
employed (slow evaporation, solvent diffusion, vapour diffusion and all were carried out at 
a variety of temperatures), however, only complexes of 5-fluorouracil and urea, uracil and 
urea,  5-fluorouracil  and  thiourea,  5-fluorocytosine  and  urea,  and  5-fluorocytosine  and 
thiourea were obtained. In general, the complexes containing uracil and 5-fluorouracil all 
form in a 1:1 ratio.  However, the complexes formed with 5-fluorocytosine show ratios of 
2:1 and a 3:1:1 hydrate (Table 5.5). 
Table 5.5.  A summary of the ratios obtained in the molecular complexes involving 
urea and thiourea. 
Structure  Crystallisation Ratio 
5-Fluorouracil and Urea  1:1 
Uracil and Urea  1:1 
5-Fluorouracil and Thiourea  1:1 
5-Fluorocytosine and Urea  2:1 
5-Fluorocytosine and Thiourea Hydrate  3:1:1 
 
Of these three uracil based molecular complexes, some common bonding patterns can be 
identified; the effect of exchanging thiourea and urea is more significant than fluorinating 
the uracil molecule. The molecular complexes of uracil and urea and 5-fluoruracil and urea 
are isostructural and the influence of the fluorine atom is far more subtle than that observed 
in the molecular complexes reported in other chapters.   
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5.6.1 Isostructural molecular complexes of 5-fluorouracil with urea and uracil with 
urea 
 
The two structures have very similar unit cells with only slight differences in some of the 
dimensions and have the same space group of C2/c (Table 5.8). It might be expected that 
the introduction of a larger fluorine atom in the 5-fluorouracil molecule instead of the 
hydrogen in the uracil molecule would result in a larger unit cell.  The unit cell volume for 
the  5-fluoruracil  urea  molecular  complex  is  indeed  larger  than  that  of  the  uracil  urea 
molecular complex (1510.22(3) Å
3 c.f. 1475.37(5) Å
3), but the expansion is not isotropic. 
The a and c axes are longer in the 5-fluorouracil urea molecular complex but the b axis is 
shorter than in the uracil urea molecular complex.  
 
 
Figure 5.40. Hydrogen bonded chains in left, the 5-fluorouracil and urea molecular complex and right, 
the uracil and urea molecular complex. 
These two structures both contain the same basic chain made up alternating base-pairing 
between the urea and the uracil/5-fluorouracil molecules (Figure 5.40) comprised of pairs 
of N-H···O hydrogen bonds. The first is between the amine group of the urea and the 
oxygen atom in-between the two nitrogen atoms of the ring of the uracil/5-fluorouracil 
molecule. The second hydrogen bond is from one of the hydrogen atoms on a ring nitrogen 
atom of the uracil to the oxygen of the urea. The hydrogen bond distances are very similar 
in both molecular complexes (Table 5.6). 
Table 5.6.  Comparison of the distances define the base pair motif in the uracil with 
urea and the 5-fluorouracil and urea molecular complexes. 
Hydrogen Bond  5-Fluorouracil and Urea  Uracil and Urea 
O---H-N  2.779(3) Å  2.789(4) Å 
N-H---O  2.865(3) Å  2.884(4) Å 
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Figure 5.41. Hydrogen bonding between chains in the molecular complexes of left, 5-fluorouracil and 
urea and right, uracil and urea. 
There is a slight difference in these two structures with regards to how the urea orientates 
itself  with  respect  to  the  original  chain,  influenced  by  the  fluorine  atom  on  the  5-
fluorouracil molecule. In the uracil urea molecular complex, the urea molecule forms a 
DDHHA  bifurcated  hydrogen  bond  to  a  carbonyl  oxygen  on  a  uracil  molecule  in  a 
neighbouring chain (Figure 5.41, right). This bifurcated hydrogen bond is also seen in the 
5-fluorouracil urea molecular complex but the minor component is significantly longer 
than that seen in the uracil structure (Table 5.7).  This is a consequence of this hydrogen 
atom forming a second weak N-H···F hydrogen bond with the fluorine atom on the same 
molecule with an N···F distance of 3.218(2) Å (Figure 5.42). This changes the orientation 
of the urea molecule relative to the 5-fluorouracil molecule. The significance of this subtle 
difference is only apparent as the structure is extended (Figure 5.43). When the structures 
are overlaid with one another (Figure 5.43) the slippage of the molecules relative to one 
another over longer distances can be clearly seen. This is a consequence of the additional 
interactions formed involving the fluorine atom (Figure 5.44).  
 
Figure 5.42. Fluorine interaction (red dotted line) and bifurcated hydrogen bond (blue dotted line) in 
the molecular complex of 5-fluorouracil and urea. 
Table 5.7.  Comparison of the distances in the bifurcated hydrogen bonds in the uracil 
with urea and the 5-fluorouracil and urea molecular complexes. 
  O---N-H1  O---N-H2 
5-Fluorouracil and Urea  3.011(3) Å  3.134(3) Å 
Uracil and Urea  3.002(3) Å  2.926(3) Å 
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Figure 5.43. Structure overlay of the molecular complexes of 5-fluorouracil and urea (green) and 
uracil and urea (white) showing divergence over longer length scales. 
 
 
Figure 5.44. The interactions involving the fluorine atom in the molecular complex of 5-fluorouracil 
and urea. 
The fluorine is involved in a second interaction, a fluorine-fluorine interaction between 
two 5-fluorouracil molecules in different chains. This interaction has an F···F distance of 
2.666(3) Å and is shorter than the sum of the van der Waals radii of two fluorine atoms of 
2.94 Å. It is the combination of these two fluorine interactions that causes the two related 
structures (uracil/urea and 5-fluorouracil/urea) to differ marginally. 
   
Figure 5.45. Overlayed structures of uracil and urea (red) and the 5-fluorouracil and urea (green) 
showing subtle interactions due to the fluorine atom. 
As can be seen from Figure 5.45, the structures start to differentiate at a very early stage in 
the  expansion  of  the  structure.  The  fluorine-fluorine  interaction  in  the  green  structure 
causes  the  centroids  of  the  rings  of  the  5-fluorouracil  molecules  to  move  apart.  The 
interaction between the fluorine and the amine group in the green structure changes the 
orientation of the urea molecule slightly in comparison to the non-fluorinated structure 
(red). The urea molecule is tilted slightly with the hydrogen involved in a weak interaction  
249 
with the fluorine being pulled closer to the fluorine atom, however, with the oxygen atom 
of the urea being held in place by moderate hydrogen bonds the urea molecule is slightly 
tilted. This becomes exaggerated as the two structures are expanded and the combination 
of the two interactions combines to move the two structures out of sync. 
5.6.2. The Effect of Sulphur on the Molecular Complexes of Urea and Thiourea with 
5-Fluorouracil 
 
The two molecular complexes of 5-fluorouracil and urea, and 5-fluorouracil with thiourea 
both  form  in  a  1:1  ratio.  In  this  case,  the  primary  hydrogen  bonding  units  are  quite 
different. The urea complex contains hetero- pseudo-base paired motifs between urea and 
5-fluorouracil, whilst the complex containing thiourea contains a homo-base paired motif 
between 5-fluorouracil molecules (Figure 5.46). 
 
Figure 5.46. Left hetero- pseudo-base pairing in the 5-fluorouracil and urea molecular complex and 
right, homo-base pairing in the 5-fluorouracil and thiourea molecular complex. 
Hydrogen bonded chains of 5-fluorouracil and urea/thiourea are formed in both molecular 
complexes.  However, in the urea complex, these chains are hetero pseudo-base paired 
units with alternating urea and 5-fluorouracil molecules (Figure 5.47, left).  In the thiourea 
complex, these chains are alternating pairs of 5-fluorouracil and thiourea molecules, where 
the 5-fluorouracil molecules form homo-base pairs with themselves (Figure 5.47, right).   
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Figure 5.47. Left, extended chain in the 5-fluorouracil and urea molecular complex and right, extended 
chain in the 5-fluorouracil and thiourea molecular complex. 
The  thiourea  molecule  preferentially  hydrogen  bonds  to  one  area  of  the  5-fluorouracil 
molecule and not the other side. The pseudo-base pair motif it forms is with the oxygen on 
the  5-fluorouracil  that  is  opposite  to  the  fluorine  and  the  hydrogen  on  the  heteroatom 
opposite the other oxygen atom. This is not the same as the urea structure as here there is a 
urea molecule bonded to each side of the 5-fluorouracil molecule (Figure 5.48). 
 
Figure 5.48. Hetero-base pair hydrogen bonding motifs, left on both sides of 5-fluorouracil molecule in 
the 5-fluorouracil and urea molecular complex and right, only on one side of the 5-fluorouracil 
molecule in the 5-fluorouracil and thiourea molecular complex. 
Due to the changes in the stronger hydrogen bonded motifs in the molecular complexes, 
the fluorine interactions have been disrupted. In the urea structure the fluorine forms two 
fluorine interactions, one fluorine-fluorine interaction and one weak hydrogen bond with 
two  separate  molecules.  However,  these  interactions  are  not  present  in  the  thiourea 
molecular  complex  and  the  fluorine  is  only  involved  in  one  interaction  between  the 
fluorine  atom  and  the  amine  group  of  the  thiourea.  This  change  in  importance  of  the 
fluorine atom shows that the presence of the sulphur has caused the fluorine to play a less 
important role in the extended structure of the thiourea 5-fluorouracil molecular complex. 
It would therefore appear that the sulphur interactions form preferentially compared to the 
fluorine interactions in these structures.  
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5.6.3 Cytosine Based Molecular Complexes 
 
The two molecular complexes including 5-fluorocytosine do show some similar structural 
motifs  despite  forming  in  different  ratios.  Both  form  wholly  5-fluorocytosine  chains 
formed by alternating type A and type B base pairs. This is a common trend in the cytosine 
molecular  complexes  which  do  not  exhibit  hydrogen  transfer.  In  the  urea  molecular 
complex there is only one unique chain formed whilst in the thiourea molecular complex, 
there  are  two  independent  5-fluorocytosine  chains  formed.  The  difference  here  comes 
down to the difference in the ratio of crystallisation. In the urea molecular complex, there 
are  two  independent  5-fluorocytosine  molecules  and  these  combine  alternately  to  form 
each chain. However, in the thiourea molecular complex, there are three independent 5-
fluorocytosine molecules. Two of these combine alternately to make up a chain similar to 
that found in the urea 5-fluorocytosine molecular complex. However, in addition, there is a 
second independent chain comprised of the final independent 5-fluorocytosine molecule. 
One  major  difference  between  these  structures  is  the  role  of  the  co-molecule.  In  the 
molecular complex with thiourea hydrate, the thiourea molecule acts as a linker between 
separate chains in combination with the water molecule as discussed in Section 5.4 (Figure 
5.48,  left).  This  thiourea  molecule  does  not  form  an  extended  chain.  The  molecular 
complex containing urea forms an extended chain with other urea molecules (Figure 5.48, 
right). These urea molecules are linked via hydrogen-bonded base paired rings. This is a 
major difference present in the two structures of the co-molecule. 
 
Figure 5.48. Left, thiourea acting as a linker in the 5-fluorocytosine and thiourea hydrate molecular 
complex and right urea chain built up in the 5-fluorocytosine and urea molecular complex. 
There is a similarity in the fluorine interactions in both of these molecular complexes. 
Weak hydrogen bonds are formed in both which form a unit which resembles a base paired 
bonding motif comprised of C-H···F hydrogen bonds (Figure 5.49). This is possible due to  
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the  orientation  of  the  fluorine  atom  relative  to  the  chains  in  each  of  the  molecular 
complexes. 
 
Figure 5.48. Fluorine hydrogen bonds in the molecular complexes of left. 5-fluorocytosine and thiourea 
hydrate and right, 5-fluorocytosine and urea. 
5.7. Conclusions 
 
Solubility issues have restricted the number of molecular complexes that could be obtained 
in  the  series  of  molecular  complexes  formed  from  uracil  and  cytosine  with  urea  and 
thiourea. However, some common themes could still be identified, all of which involve the 
formation of base pairs and pseudo base-pair motifs. The addition of the fluorine does not 
interrupt this base-pairing and only acts as a stabilising factor and a link between different 
areas of the structure such as linking of separate chains. 
The fluorine can have a big impact or play a more subtle role in a structure; the molecular 
complex of 5-fluorouracil with urea is an example of the latter, when compared to the 
molecular complex of uracil and urea. The fluorine atom helps to slowly move the two 
structures out of sync as the basic building block (uracil/5-fluorouracil with urea chains) 
remains predominantly the same. The fluorine is involved in two interactions and it is the 
presence of these that cause the slight differentiation between the two structures.  
There are obvious differences between the structures that contain thiourea and urea. These 
molecules provide different bonding opportunities and as a result the presence of either 
causes differences between the two structures. In the structures obtained it appears that the 
sulphur (present in the thiourea and 5-fluorocytosine complex) interactions are preferably 
formed  when  compared  to  the  fluorine  interactions  (present  in  the  urea  and  5-
fluorocytosine complex).  However, the types of hydrogen binding interactions in this pair 
of structures is still similar.  
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Table 5.8. Crystallographic data for the molecular complexes reported in Chapter 5. 
Compound  5-fluorouracil and 
urea 
Uracil and Urea  5-Fluorouracil and 
Thiourea 
5-fluorocytosine and 
thiourea hydrate 
5-fluorocytosine and 
urea 
Formula  C5 H7 F1 N4 O3  C5 H8 N4 O3  'C5 H7 F N4 S O2'  C13 H18 F3 N11 O4 
S1 
C9 H12 F2 N8 O3 
Crystallisation 
Conditions 
Methanol, Room 
Temperature 
Methanol, Room 
Temperature 
Methanol, Room 
Temperature 
Methanol, Room 
Temperature 
Methanol, Room 
Temperature 
Molecular weight 
/ gmol
-1 
318.27  172.15  206.2  205.22  318.27 
Temperature (K)  100 K  100 K  100 K  100 K  100 K 
Space Group  C2/c  C2/c  P-1  P-1  P-1 
a (Å)  9.4046(2)  9.2546(2)  6.17590(40)  10.2215(4)  6.8980(4) 
b (Å)  10.4073(3)  10.4378(2)  7.11960(40)  10.5680(4)  10.1538(6) 
c (Å)  15.6782(4)  15.4590(3)  10.68410(59)  10.9209(4)  10.6856(6) 
α (
o)  90  90  101.9653(31)  75.767(2)  106.257(2) 
β (
o)  99.934(1)  99.853(1)  98.2481(32)   63.717(2)  102.730(3) 
γ (
o)  90  90  114.2782(33)  69.380(2)  109.447(3) 
Volume (Å
3)  1511.52(3)  1479.30(5)  404.916(44)  984.26(1)  635.57(6) 
Z  8  8  2  2  2 
θ range (˚)  2.6-33.6  2.7-27.485  1-27.485  2.1-26.7  1-27.485 
Completeness  99.90%  99.90%  99.20%  97.60%  98.10% 
Reflections 
Collected 
22949  11473  10325  21035  15053 
Independent  2817  1684  1831  4067  2888 
Refln (obs.I>2 σ 
(I)) 
1432  1309  1672  3188  1432 
Rint  0.0692  0.0692  0.0692  0.2283  0.0765 
Parameters  146  141  146  361  395 
GooF on F
2  1.096  1.139  1.054  1.045  1.0690 
R1 (Observed)  0.039  0.066  0.027  0.062  0.0691 
R1 (all)  0.044  0.083  0.032  0.081  0.1691 
wR2 (all)  0.114  0.230  0.065  0.165  0.1897  
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Chapter 6 Molecular Complexes of Disubstituted Benzoic acids with Cytosine, Uracil 
and their Fluorinated Derivatives 
 
6.1. Polymorphic 1:1 Molecular Complexes of 5-Fluorocytosinium 2,6-
Dihydroxybenzoate 
6.1.1 1:1 Molecular Complex of 5-Fluorocytosinium 2,6-Dihydroxybenzoate Form I 
5-Fluorocytosine and 2,6-dihydroxybenzoic acid were dissolved in methanol in a 1:1 molar 
ratio and the solvent was allowed to evaporate slowly until crystals formed. The crystals 
were  colourless  with  a  block  shape  and  the  crystal  used  for  characterisation  by  X-ray 
diffraction had approximate dimensions of 0.3mm x 0.3mm x 0.3mm. Data were collected 
on a Bruker Apex II CCD diffractometer equipped with an Oxford Cryosystems Helix at 
100K. Crystallographic data are summarised in Table 6.5. 
This molecular complex forms in a 1:1 ratio and there is 100% hydrogen transfer from the 
2,6-dihydroxybenzoic acid molecule to the 5-fluorocytosine. The primary bonding motif 
adopted in this structure is therefore a hydrogen-bonded R2
2(8) ring motif between the two 
components  (Figure  6.1).    The  hydrogen-bonded  ring  is  comprised  of  two  moderate 
strength N-H···O hydrogen bonds. The first hydrogen bond is from one of the hydrogen 
atoms of the amine group of the 5-fluorocytosinium to one of the oxygen atoms of the 
carboxylate group of the 2,6-dihydroxybenzoate. This hydrogen bond has an N···O distance 
of  2.7994(17)Å.  The  second  hydrogen  bond  is  from  the  hydrogen  on  the  protonated 
nitrogen of the cytosine to the other oxygen atom of the carboxylate group. This bond has 
an N···O distance of 2.6534(17)Å. These hydrogen bonds are both charge assisted and of 
moderate strength. 
 
 
Figure 6.1. Heterodimer formed through a hydrogen-bonded ring between 5-fluorocytosinium and 2,6-
dihydroxybenzoate molecules in Form I. 
Each heterodimer is hydrogen bonded to four other dimers (Figure 6.2). There are two 
unique  N-H···O  hydrogen  bonds:  one  is  from  a  hydrogen  of  the  amine  group  of  a  5-
fluorocytosinium  molecule  to  the  oxygen  of  one  of  the  hydroxy  groups  of  the  2,6-
dihydroxybenzoate  and  has  an  N···O  distance  of  2.8181(18)Å;  the  second  is  from  a 
hydrogen on a ring nitrogen of a 5-fluorocytosinium molecule to the oxygen of the second 
hydroxy  group  of  a  2,6-dihydroxybenzoate  molecule  and  has  an  N···O  distance  of  
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2.8502(18)Å. These dimers are orientated at ~45° to one another and generate corrugated 
layers. 
 
Figure 6.2. Hydrogen bonded heterodimers assembling into corrugated layers in the molecular 
complex of 5-fluorocytosinium 2,6-dihydroxybenzoate Form I. 
Separate, parallel heterodimers are linked via a bonding motif that resembles a stepped 
base  pair  (Figure  6.3).  This  motif  is  made  up  of  two  weak  C-H···F  hydrogen  bonds 
involving the fluorine of one fluorocytosinium molecule and the hydrogen on an aromatic 
carbon of the second fluorocytosinium molecule. This bond is reciprocated to complete the 
base-pair motif. Both of these bonds are of weak strength and have C···F distances of 
3.514(2) Å.  
 
 
Figure 6.3. Base-pair style motif involving fluorine in the molecular complex of 5-fluorocytosinium 2,6-
dihydroxybenzoate Form I. 
 
 
Figure 6.4. Fluorine interactions linking base pairs in parallel stepped layers in the molecular complex 
of 5-fluorocytosinium 2,6-dihydroxybenzoate Form I. 
The charged fluorocytosinium molecules are stacked on top of the 2,6-dihydroxybenzoate 
molecules  with  an  approximate  stacking  distance  of  3.276  Å.  This  type  of  stacking  is  
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common  in  molecular  complexes  containing  charged  species.  The  global  packing 
illustrates  that  the  structure  is  organised  with  the  separate  regions  of  fluorocytosinium 
(green)  and  2,6-dihydroxybenzoate  (blue)  (Figure  6.5).  The  alternate  layering  of  5-
fluorocytosinium and 2,6-dihydroxybenzoic acid molecules is along the b-axis.  
 
 
Figure 6.5. Stacking interactions in the molecular complex of 5-fluorocytosinium 2,6-
dihydroxybenzoate Form I (5-fluorocytosinium in green and 2,6-dihydroxybenzoate in blue). 
6.1.2 1:1 Molecular Complex of 5-Fluorocytosinium 2,6-Dihydroxybenzoate Form II 
 
5-fluorocytosine and 2,6-dihydroxybenzoic acid were dissolved in methanol in a 1:1 molar 
ratio and the solvent was allowed to evaporate slowly until crystals formed. The crystals 
were  colourless  with  a  block  shape  and  the  crystal  used  for  characterisation  by  X-ray 
diffraction had approximate dimensions of 0.3mm x 0.3mm x 0.3mm. Data were collected 
on a Bruker Apex II CCD diffractometer equipped with an Oxford Cryosystems Helix at 
100K. Crystallographic data are summarised in Table 6.5. 
The polymorph, Form II, shows some structural similarities to Form I.  The molecular 
complex forms in a 1:1 ratio with 100% hydrogen transfer from the carboxyl group of a 
2,6-dihydroxybenzoic  acid  to  a  ring  nitrogen  of  a  5-fluorocytosine  to  create  5-
fluorocytosinium and a 2,6-dihydroxybenzoate molecules. The heterodimer, held together 
by a R2
2(8) hydrogen bonded ring, is again formed. 
 
Figure 6.6. Hydrogen-bonded ring formed between 5-fluorocytosinium and 2,6-dihydroxybenzoate in 
the Form II molecular complex.  
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There are two N-H···O hydrogen bonds in this hydrogen bonded ring. The hydrogen bond 
donor of the first is the amine group and the second is a hydrogen on a ring nitrogen both 
to the carboxylate group of the 2,6-dihydroxybenxoate molecule. The hydrogen bonds are 
of  moderate  strength  and  have  N···O  distances  of  3.0426(14)Å  and  2.6223(13)Å, 
respectively.  The first is significantly longer than that observed in Form 1 and the second 
is  slightly  shorter.  The  relative  orientation  of  the  5-fluorocytosinium  and  2,6-
dihydroxybenzoate molecules is therefore different in the two forms (Figure 6.7). 
 
Figure 6.7. An overlay of the heterodimers of the Form I (green) and Form II (white) molecular 
complexes of 5-fluorocytosinium 2,6-dihydroxybenzoate. 
As seen in Form I, each heterodimer is hydrogen bonded to four other dimers (Figure 6.8, 
left). Once again there are two unique N-H···O hydrogen bonds: one is from a hydrogen of 
the amine group of a 5-fluorocytosinium molecule to the oxygen of one of the hydroxyl 
groups of the 2,6-dihydroxybenzoate and has an N···O distance of 2.986(2) Å; the second 
is from a hydrogen on a ring nitrogen of a 5-fluorocytosinium molecule to the oxygen of 
the second hydroxyl group of a 2,6-dihydroxybenzoate molecule and has an N···O distance 
of 2.763(2) Å. These dimers form almost planar layers. 
 
 
Figure 6.8. Hydrogen bonded heterodimers assembling into planar layers in the molecular complex of 
5-fluorocytosinium 2,6-dihydroxybenzoate Form II  
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Figure 6.9. Fluorine interactions in the molecular complex of 5-fluorocytosinium 2,6-
dihydroxybenzoate Form II. 
This structure is more layered than the corrugated structure of Form I. This change in 
orientation of adjacent heterodimers results in a change in the fluorine interactions that are 
formed. The fluorine atom in Form II is involved in two interactions (Figure 6.9). The first 
is between two fluorine atoms in parallel layers. The distance between the two fluorine 
atoms is 2.642 (2) Å, which is significantly shorter than the sum of the van der Waals radii 
for two fluorine atoms (2.94 Å.). The second interaction is a weak C-H···F hydrogen bond 
between  an  aromatic  hydrogen  atom  of  a  neighboring  2,6-dihydroxybenzoate  molecule 
with a C···F distance of 3.210(2) Å. There is no base pair comprised of C-H···F hydrogen 
bonds in Form II. 
Again,  the  charged  5-fluorocytosinium  molecules  stack  on  top  of  only  2,6-
dihydroxybenzoate molecules and no 5-fluorocytosinium molecules are stacked directly on 
other  charged  5-fluorocytosinium  molecules  (Figure  6.10).  The  approximate  stacking 
distance is 3.200 Å.  
 
 
Figure 6.10. Stacking interactions in the molecular complex of 5-fluorocytosinium 2,6-
dihydroxybenzoate Form II.  
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6.1.3  Structural  Comparison  of  the  Two  Polymorphs  of  5-Fluorocytosinium  2,6-
Dihydroxybenzoate 
The major difference between forms I and II is the construction of the layers. Form I has a 
corrugated structure that contains a twisting of adjacent heterodimers whilst Form II forms 
into a much more planar layered structure (Figure 6.10). There is a moderate strength C-
H···F hydrogen bond between the oxygen atom of the 5-fluorocytosinium molecule and 
one an aromatic hydrogen atom of a nearby 5-fluorocytosine molecule in Form II which is 
not present in Form I. 
 
 
Figure 6.11. An overlay of the molecular complexes of Form I (green) and Form II (white) of 5-
fluorocytosinium 2,6-dihydroxybenzoate showing the different construction of the layers. 
There is an additional change in the relative orientation of neighbouring heterodimers. In 
Form II, the 5-fluorocytosinium molecules on both sides of the heterodimer are flipped 
relative  to  those  in  Form  I  (Figure  6.11).    This  enables  the  formation  of  the  C-H···O 
hydrogen bond on one side, and results in the interaction with the 2,6-dihydroxybenzoate 
molecule on the other side of the dimer to be through the amine group rather than the 
protonated ring nitrogen in Form I. The fluorine interactions in the two polymorphs are 
thus also significantly different.  However, both show the same stacking interactions. 
6.2 2:1:1 Molecular Complex of Cytosine and 2,6-Dihydroxybenzoic acid Hydrate 
 
Cytosine and 2,6-dihydroxybenzoic acid were dissolved in methanol in a 1:1 molar ratio 
and the solvent was allowed to evaporate slowly until crystals formed. The crystals were 
colourless with a block shape and the crystal used for characterisation by X-ray diffraction 
had  approximate  dimensions  of  0.3mm  x  0.3mm  x  0.3mm.  Data  were  collected  on  a 
Bruker Apex II CCD diffractometer equipped with an Oxford Cryosystems Helix at 100K. 
Crystallographic data are summarised in Table 6.5.  
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The molecular complex forms in a 2:1:1 ratio of cytosine to 2,6-dihydroxybenzoic acid to 
water.  As  a  result,  there  is  one  neutral  cytosine,  one  protonated  cytosinium,  a  2,6-
dihydroxybenzoate and a water molecule in the asymmetric unit. In common with the other 
structures  reported  in  this  thesis,  the  presence  of  both  protonated  and  neutral  cytosine 
molecules results in the pseudo-Watson-Crick hydrogen bonding motif (Figure 6.12).  This 
forms in preference to the heterodimer formed in the polymorphs of 5-fluorocytosinium 
with 2,6-dihydroxybenzoate. The pseudo-Watson-Crick bonding motif is made up of three 
hydrogen bonds, two of which are N-H···O hydrogen bonds with the remaining bond being 
an  N-H···N  hydrogen  bond.  The  hydrogen  bond  coming  from  the  amine  group  of  the 
cytosinium involving the oxygen atom of the cytosine has an N···O distance of 2.7654(10) 
Å. The next bond is from the protonated heteroatom of the cytosinium ring to the non-
protonated heteroatom of the cytosine ring. This bond has an N···N distance of 2.8188(10) 
Å and is of moderate strength. The final hydrogen bond is from the amine group of the 
cytosine to the oxygen atom of the cytosinium. This bond is of moderate strength and has 
an N···O distance of 2.8900(11) Å. 
Chains of cytosine molecules are formed through two different hydrogen bonding motifs, 
the  pseudo-Watson-Crick,  and  the  type  B  pseudo  Hoogsteen  formed  by  two  N-H···O 
hydrogen bonds (Figure 6.12). with N···O distances of 2.7958(11)Å (from the cytosinium) 
and 2.7633(11)Å (from the cytosine). 
 
 
Figure 6.12, Chains of alternating Type B and pseudo-Watson-Crick base pairs in the hydrated 
molecular complex of cytosine and 2,6-dihydroxybenzoic acid.  
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Figure 6.13. The hydrogen bonding to the cytosine chains in the molecular complex of cytosine and 2,6-
dihydroxybenzoic acid hydrate. The benzoic acid molecules lie on one side of the chain and the water 
molecules on the other side. 
The  2,6-dihydroxybenzoate  molecules  are  hydrogen  bonded  to  the  chain  via  a  single 
hydrogen bond from the amine group of a cytosine to one of the carboxylate group oxygen 
atoms  (Figure  6.13).  This  bond  is  of  moderate  strength  and  has  an  N···O  distance  of 
2.9101(11) Å. The 2,6-dihydroxybenzoate molecule lies in the same plane as the cytosine 
chain.  On the other side of the chain, the water molecule is tied to the chain via single 
hydrogen  bond  from  the  amine  group  of  the  cytosinium  to  the  oxygen  of  the  water 
molecule (Figure 6.13). This bond is of moderate strength and has an N···O distance of 
2.8035(11) Å. The oxygen atom of the water molecule lies slightly out of the plane of the 
chain and the molecule lies almost perpendicular to the chain forming a connecting role 
between different chains (Figure 6.14). 
 
Figure 6.14. Hydrogen bonding involving the water molecule in the cytosine and 2,6-dihydroxybenzoic 
acid hydrate molecular complex. 
The water molecule acts as a hydrogen bond donor to a 2,6-dihydroxybenzoate molecule in 
two  separate  chains.  The  first  of  these  hydrogen  bonds  is  to  a  oxygen  atom  on  the 
carboxylate group of a 2,6-dihydroxybenzoate molecule in a parallel chain. This hydrogen 
bond has an O···O distance of 2.8960(11) Å and is of moderate strength. The second water 
hydrogen  forms  a  hydrogen  bond  to  the  hydroxyl  group  of  a  2,6-dihydroxybenzoate 
molecule in an almost perpendicular chain. This bond is of moderate strength and has an 
O···O distance of 2.8417(11) Å.   
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Figure 6.15. Herring-bone arrangement along the a-axis in the molecular complex of cytosine and 2,6-
dihydroxybenzoic acid hydrate. 
The combination of the different orientation of the chains produces a herring-bone shape to 
the structure when viewed along the a-axis with regions of base stacking (Figure 6.15). 
Cytosine molecules stack on cytosinium molecules in a parallel cytosine chain and the 2,6-
dihydroxybenzoate molecules sandwich these (Figure 6.18). The stacking distance found 
between  the  cytosine  layers  is  approximately  3.286  Å  and  the  two  between 
cytosine/cytosinium and 2,6-dihydroxybenzoate molecules are approximately 3.324 Å and 
3.300 Å. 
 
Figure 6.16. Stacking interactions in the molecular complex of cytosine and 2,6-dihydroxybenzoic acid 
hydrate.  
263 
6.3. Polymorphs of the 1:1:1 Molecular Complex of Cytosinium 2,4-
Dihydroxybenzoate Hydrate 
 
6.3.1 1:1:1 Molecular Complex of Cytosinium 2,4-Dihydroxybenzoate Hydrate Form 
I 
 
Cytosine and 2,4-dihydroxybenzoic acid were dissolved in methanol in a 1:1 molar ratio 
and the solvent was allowed to evaporate slowly until crystals formed. The crystals were 
colourless with a block shape and the crystal used for characterisation by X-ray diffraction 
had  approximate  dimensions  of  0.3mm  x  0.3mm  x  0.3mm.  Data  were  collected  on  a 
Bruker Apex II CCD diffractometer equipped with an Oxford Cryosystems Helix at 100K. 
Crystallographic data are summarised in Table 6.5. 
The molecular complex forms in a 1:1:1 ratio of cytosine to 2,4-dihydroxybenzoic acid to 
water. In this structure there is 100% hydrogen transfer from the 2,4-dihydroxybenzoic 
acid to the cytosine molecule. 
 
 
Figure 6.17. Type B base-pairing in the cytosinium 2,4-dihydroxybenzoate hydrate Form I molecular 
complex. 
There is one homo-base-pairing motif in this structure, between the oxygen of one cytosine 
molecule  and  a  protonated  ring  nitrogen  of  a  neighbouring  cytosine  molecule  (Figure 
6.17). These N-H···O hydrogen bonds are of moderate strength and have N···O distances of 
2.9182(15) Å.  The base-paired unit is not planar, adopting a stepped configuration with an 
inversion centre located in the middle of the hydrogen bonded ring.  Chains of cytosinium 
do  not  form  in  this  case,  instead  forming  a  hydrogen  bonded  ring  with  a  2,4-
dihydroxybenzoate molecule (Figure 6.18) in the position where the type A base pairing 
would be present, creating a four molecule unit.  
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Figure 6.18. Termination of cytosine chains via hydrogen-bonded ring formation creating a four 
molecule unit in the cytosinium 2,4-dihydroxybenzoate hydrate Form I molecular complex. 
The  hydrogen  bonded  ring  involves  two  N-H···O  hydrogen  bonds  with  the  cytosinium 
molecule acting as the hydrogen bond donor in both cases. One of these bonds is from the 
amine  group  of  the  cytosinium  and  the  other  from  a  protonated  ring  nitrogen  of  the 
cytosinium with each of these going to one of the oxygen molecules of the carboxylate 
group. The protonated ring nitrogen hydrogen bonds to the oxygen that is also involved in 
an intramolecular hydrogen bond with the hydroxyl group of the 2,4-dihydroxybenzoate 
molecule.  This  hydrogen  bond  is  of  moderate  strength  and  has  an  N···O  distance  of 
2.6601(12) Å. The other hydrogen bond involving the amine group has an N···O distance 
of 2.7856(13) Å and this is also of moderate strength. 
There is one independent water molecule which forms three hydrogen bonds acting as a 
hydrogen bond acceptor for a hydrogen bond from the para hydroxyl group of the 2,4-
dihydroxybenzoate molecule and as hydrogen bond donor to both the carbonyl oxygen of 
the cytosinium and to one of the carboxyl oxygen atom on the 2,4-dihydroxybenzoate 
molecule (Figure 6.19, left). All of the hydrogen bonds involving the water molecule are 
O-H···O  bonds  and  of  moderate  strength.  The  first  is  from  the  hydrogen  on  the  water 
molecule  to  the  oxygen  of  the  cytosinium  molecule  with  an  O···O  distance  of 
2.7875(16) Å. The second hydrogen bond is from the hydrogen on a water molecule to the 
oxygen of the carboxylate group which is not involved in the intramolecular hydrogen 
bond  with  a  O···O  distance  of  2.7609(17)  Å.  The  third  hydrogen  bond  involves  the 
hydrogen of the hydroxyl group in the para position and the oxygen of a nearby water 
molecule with an O···O distance of 2.6495(16) Å and this is the strongest of the three 
hydrogen bonds.  Through these hydrogen bonds, the water molecule acts as a bridging 
unit between units in different layers. 
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Figure 6.19. Left, the three hydrogen bonds involving water molecules and right. the water molecule 
connecting the layers in the cytosinium 2,4-dihydroxybenzoate hydrate Form I molecular complex. 
 
 
Figure 6.20. Link between four molecule blocks in the cytosinium 2,4-dihydroxybenzoate hydrate 
molecular complex. 
An additional link between the four molecule units is a diamond shaped R2
2(8) hydrogen 
bonded ring (Figure 6.20).  An inversion centre is located in the middle of this ring and 
therefore there are two independent hydrogen bonds formed.  Both are N-H···O hydrogen 
bonds from the amine group of the cytosinium molecule to the carboxylate group of the 
2,4-dihydroxybenzoate molecule.  The first of these hydrogen bonds also forms part of the 
hydrogen bonded ring of the heterodimer in the four molecule unit. The second connects 
two stepped layers and is hydrogen bonded to the oxygen of the carboxylate group that is 
not involved in the intramolecular hydrogen bond. This bond is of moderate strength and 
has an N···O distance of 2.9482(14) Å.  
 
 
Figure 6.21. The layered structure of the cytosinium 2,4-dihydroxybenzoate hydrate Form I molecular 
complex. 
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Figure 6.22. Stacking interactions in the molecular complex of cytosinium 2,4-dihydroxybenzoate 
hydrate Form I.  Cytosinium (green), 2-4-dihydroxybenzoate (blue) and water (red). 
In addition to the stronger hydrogen bonding interactions which form between layers, there 
are also base-stacking interactions. Figure 6.22 shows that there are stacking interactions 
with cytosinium stacked on 2,4-dihydroxybenzoate. This means that there are two base 
stacking interactions of approximate spacings of 3.333 Å and 3.210 Å. 
6.3.2. 1:1:1 Molecular Complex of Cytosinium 2,4-Dihydroxybenzoate Hydrate Form 
II 
 
Cytosine and 2,4-dihydroxybenzoic acid were dissolved in methanol in a 1:1 molar ratio 
and the solvent was allowed to evaporate slowly until crystals formed. The crystals were 
colourless with a block shape and the crystal used for characterisation by X-ray diffraction 
had  approximate  dimensions  of  0.3mm  x  0.3mm  x  0.3mm.  Data  were  collected  on  a 
Bruker Apex II CCD diffractometer equipped with an Oxford Cryosystems Helix at 100K. 
Crystallographic data are summarised in Table 6.5. 
This  molecular  complex  also  crystallises  in  a  1:1:1  ratio  of  cytosine  to  2,4-
dihydroxybenzoic  acid  to  water.    It  is  thus  a  polymorph  of  the  complex  described  in 
Section 6.3.1 and both show structural similarities. The 100% proton transfer again leads to 
the type B pseudo Hoogsteen base-pairing motif between cytosinium molecules (Figure 
6.23). There is an inversion centre in the middle of the hydrogen bonded ring and therefore 
the two N-H···O hydrogen bonds are equivalent.  The hydrogen bonds are of moderate 
strength and have N···O distances of 2.846(2) Å, shorter than those found in Form I.  
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Figure 6.23. Type B base-pairing in the cytosine2,4-dihydroxybenzoic acid hydrate form II molecular 
complex. 
The cytosinium chain is again terminated by the 2,4-dihydroxybenzoate molecules, which 
form a hydrogen bonded ring with the cytosinium molecule (Figure 6.24).  There are two 
moderate strength N-H···O hydrogen bonds to the carboxylate group, one from the amine 
group and the other from a protonated ring nitrogen of the cytosinium molecule. The bond 
involving  the  protonated  ring  nitrogen  has  an  N···O  distance  of  2.675(2)  Å  and  the 
hydrogen bond involving the amine group has an N···O distance of 2.763(2) Å.  The first of 
these hydrogen bonds is longer than the equivalent found in Form I and the second is 
shorter (c.f. 2.6601(12)Å and 2.7856(13)Å, respectively).  This corresponds to a deviation 
from planarity of the four molecule unit in Form II. 
 
Figure 6.24. Termination of the cytosinium chain via hydrogen-bonded ring formation with the 2,4-
dihydroxybenzoate molecules in the cytosinium 2,4-dihydroxybenzoate hydrate Form II molecular 
complex. 
The water molecule forms similar hydrogen bonds to those found in Form 1; there are 
three unique hydrogen bonds, two as a hydrogen bond donor and one as a hydrogen bond 
acceptor and these hydrogen bonds interact with the same parts of the four molecule unit 
(Figure 6.25).  However, the orientation of these water molecules is different.  
 
Figure 6.25. Hydrogen bonds involving water molecules in the cytosinium 2,4-dihydroxybenzoate 
hydrate Form II molecular complex.  
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All of the hydrogen bonds involving the water molecule are moderate strength O-H···O 
hydrogen bonds. The first is from the hydrogen on the water molecule to the oxygen of the 
cytosinium molecule with an O···O distance of 2.7534(19) Å. The second hydrogen bond is 
from the second hydrogen on the water molecule to the oxygen of the carboxylate group 
not involved in the intramolecular hydrogen bond with an O···O distance of 2.732(2) Å. 
The final hydrogen bond is from the hydrogen of the hydroxyl group in the para position 
to the oxygen of a nearby water molecule with an O···O distance of 2.6328(18) Å.  These 
hydrogen bonds are all shorter than those found in Form I. 
Figure 6.26 shows the difference between the two forms; the four molecule unit (red) in 
both structures remains very similar in each. The water molecules also hydrogen bond to 
the  same  areas  of  the  molecules  and  play  the  same  role  in  the  overall  structure.  The 
difference  from  here  arises  in  how  the  neighbouring  heterodimers  connect  to  the  four 
molecule unit. 
In Form II, the heterodimer that is linked to the four molecule unit is flipped relative to 
Form I. In Form I a diamond shape is formed via four hydrogen bonds involving four 
separate molecules (Figure 6.26, left). In Form II this bonding pattern is not observed and 
there is no diamond shape in the structure. The link between the next heterodimer and the 
four molecule building block is through an amine group hydrogen bonding to the hydroxyl 
group of the benzoic acid and so in this case the heterodimer unit is flipped and so the 
diamond bonding motif cannot be formed. In Form I there are four molecules involved in 
the link between the two heterodimers; this is also the case in Form II. This includes a 
cytosinium, two 2,4-dihydroxybenzoate molecules and a water molecule rather than two 
cytosinium molecules and two 2,4-dihydroxybenzoate molecules as seen in Form I. The 
hydrogen bonds here that make up the link are all of moderate strength. The first of these 
bonds comes from the hydrogen atom on the hydroxyl group in the 4 position of the 2,4-
dihydroxybenzoate and involves the oxygen atom of the nearby water molecule with the 
O···O distance being 2.633(2) Å. The next bond involves a hydrogen atom of the water 
molecule  and  one  of  the  oxygen  atoms  of  the  carboxylate  group  of  the  2,4-
dihydroxybenzoate with this bond having an O···O distance of 2.732(2) Å. The next bond 
involves the amine group of the cytosinium molecule and the same oxygen atom of the 
carboxylate group involved in the last hydrogen bond with an O···O distance of 2.763(2) Å. 
The  final  hydrogen  bond  in  the  link  is  between  the  amine  group  of  the  cytosinium 
molecule  and  the  oxygen  atom  of  the  hydroxyl  group  in  the  2  position  of  the  2,4-
dihydroxybenzoate molecule with and O···O distance of 2.885(2) Å. The water molecule in 
Form II shifts its position slightly and this results in the different ring formation.   
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Figure 6.26. Differences in molecules bonded to the four molecule unit (red) in the molecular 
complexes of cytosinium 2,4-dihydroxybenzoate hydrate Form I (left) and Form II (right). 
The  final  important  factor  in  this  structure  are  the  stacking  interactions.  Again,  the 
cytosinium  molecules  do  not  stack  on  top  of  other  cytosinium  molecules  and  the  2,4-
dihydroxybenzoate molecules do not stack on top of each other. The cytosinium molecule 
stacks  on  top  of  the  2,4-dihydroxybenzoate  molecules.  There  are  two  unique  stacking 
interactions ranging between approximately 3.215-3.348 Å and 3.185-3.341 Å. The ranges 
are due to the slight twisting of the cytosinium molecule with respect to the layers above 
and below containing the 2,4-dihydroxybenzoate molecules. 
 
 
 
Figure 6.27. Stacking interactions in the molecular complex of cytosinium 2,4-dihydroxybenzoate 
hydrate Form II. 
6.4 2:2:5 Molecular Complex of 5-Fluorocytosinium 3,5-Dihydroxybenzoate Hydrate 
 
5-Fluorocytosine and 3,5-dihydroxybenzoic acid were dissolved in methanol in a 1:1 molar 
ratio and the solvent was allowed to evaporate slowly until crystals formed. The crystals 
were  colourless  with  a  block  shape  and  the  crystal  used  for  characterisation  by  X-ray 
diffraction had approximate dimensions of 0.3mm x 0.3mm x 0.3mm. Data were collected 
on a Bruker Apex II CCD diffractometer equipped with an Oxford Cryosystems Helix at 
100K. Crystallographic data are summarised in Table 6.5.  
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This molecular complex forms in a 2:2:5 5-fluorocytosine to 3,5-dihydroxybenzoic acid to 
water ratio.  Within this, it shows 100% hydrogen transfer from the carboxylate group of 
the  3,5-dihydroxybenzoate  molecules  to  the  unprotonated  nitrogen  of  the  5-
fluorocytosinium  rings;  there  are  two  independent  5-fluorocytosinium  and  3,5-
dihydroxybenzoate  molecules  in  the  asymmetric  unit.  The  pseudo-Watson-Crick  base 
pairing motif is therefore not possible. As might be expected for systems showing this 
100% proton transfer, homo-base pairing of the pseudo Hoogsteen type B is found.  
This bonding motif is made up of two N-H···O hydrogen bonds between two independent 
5-fluorocytosinium molecules and in this case, this produces an approximately planar unit. 
Both  these  hydrogen  bonds  are  moderate  in  strength  and  are  from  a  protonated  ring 
nitrogen atom to the carbonyl oxygen of the 5-fluorocytosinium but they are inequivalent 
with N···O distances of 2.8572(16) Å and 2.8615(16) Å (Figure 6.28). 
The  cytosine  chain  cannot  continue  with  a  type  A  base  pair  motif  due  to  the  100% 
hydrogen transfer.  Instead a hydrogen bonded ring is formed between the carboxylate 
group of the 3,5-dihydroxybenzoate molecules and the 5-fluorocytosinium molecules on 
both sides of the homo-base pair creating a four molecule unit (Figure 6.28, left). Each 
hydrogen bonded ring is made up of two N-H···O hydrogen bonds with one coming from 
the amine group of the 5-fluorocytosinium to one of the oxygen atoms of the carboxylate 
group and the other comes from a protonated ring nitrogen of the 5-fluorocytosinium to the 
other oxygen of the carboxylate group. These hydrogen bonds are of moderate strength 
with N···O distances of  2.7135(15) Å and 2.6999(15) Å, respectively for one side and 
2.7619(16) Å and 2.7685(15) Å, respectively for the other side. 
 
Figure 6.28. Left. four-molecule hydrogen bonded unit and right, two four molecule hydrogen bonded 
rings linked by type B base pairing in the 5-fluorocytosinium 3,5-dihydroxybenzoate hydrate 
molecular complex. 
Neighbouring  four  molecule  units  within  the  same  plane  are  connected  through  two 
moderate strength N-H···O hydrogen bonds that do not involve water molecules. These are 
from the amine group of a 5-fluorocytosinium molecule to one of the hydroxyl groups on a 
3,5-dihydroxybenzoate molecule. This occurs on both sides of the four molecule unit with  
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N···O  distances  of  2.8615(16)  Å  and  2.8860(16)  Å,  respectively.  This  forms  two  four 
molecule R2
4(18) hydrogen bonded rings linked to each other via the type B base-pairing 
(Figure 6.28, right). 
There are five independent water molecules in this molecular complex. A water molecule 
acts as a bridge between two 3,5-dihydroxybenzoate molecules within each four-molecule 
hydrogen bonded ring (Figure 6.29). The water molecule acts as a hydrogen bond donor in 
both O-H···O hydrogen bonds to the carboxylate group of the 3,5-dihydroxybenzoic acid 
molecules.  These  hydrogen  bonds  are  of  moderate  strength  and  are  of  O···O  distances 
2.6912(15) Å and 2.7267(15) Å. This water molecule is then involved in two other O-H···O 
hydrogen bonds, this time acting as a hydrogen bond acceptor from hydroxyl groups of 
two 3,5-dihydroxybenzoate molecules in a parallel plane (Figure 6.30). These hydrogen 
bonds are of moderate strength and have O···O distances of 2.7063(15) Å and 2.7387(15) 
Å, respectively. 
 
Figure 6.29. Four molecule hydrogen bonded ring with bridging water molecule in the 5-
fluorocytosinium 3,5-dihydroxybenzoate hydrate molecular complex. 
 
Figure 6.30. Water molecule linking layers in the 5-fluorocytosinium 3,5-dihydroxybenzoate hydrate 
molecular complex.  
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Figure 6.31. Rings formed with water molecules and 3,5-dihydroxybenzoate molecules in the 5-
fluorocytosinium 3,5-dihydroxybenzoate hydrate molecular complex. 
Within the layers, there are two similar four-molecule rings formed involving one 3,5-
dihydroxybenzoate molecule and three waters (Figure 6.31). The orientation of the water 
molecules in each ring is different. The first ring starts with an O-H···O hydrogen bond 
from a hydroxy  group  of a 3,5-dihydroxybenzoate molecule and  an oxygen atom of a 
nearby  water  molecule.  This  hydrogen  bond  is  of  moderate  strength  and  has  an  O···O 
distance  of  2.5986(17)  Å.  The  next  hydrogen  bond  in  the  ring  involves  two  water 
molecules and is another O-H···O bond with an O···O distance of 2.747(2) Å (2). The next 
bond in the ring once again involves two water molecules and is another O-H···O bond 
with an O···O distance of 2.668(2) Å (3). The final bond to complete the ring involves a 
water  molecule  and  the  oxygen  atom  of  a  carboxylate  group  of  the  same  3,5-
dihydroxybenzoate  molecule.  This  bond  is  also  an  O-H···O  hydrogen  bond  and  is  of 
moderate strength with an O···O distance of 2.731(2) Å (4). This final water molecule also 
forms a hydrogen bond to a 5-fluorocytosinium molecule creating a smaller three molecule 
hydrogen  bonded  ring.  This  hydrogen  bond  is  of  moderate  strength  and  has  an  O···O 
distance of 2.823(2) Å. 
The second ring is made up in a very similar manner to the ring described previously. 
However, it is apparent from Figure 6.31, that the orientation of two of the water molecules 
in each ring differs. The second ring consists of four hydrogen bonds just like the first ring. 
The  first  hydrogen  bond  comes  from  the  hydroxyl  group  of  the  benzoic  acid  and  the 
oxygen atom of the nearby water molecule. This hydrogen bond is of moderate strength 
and has an O···O distance of 2.690 (2) Å. The second hydrogen bond involves the oxygen 
atom of the water involved in the first hydrogen bond and the hydrogen atom of the nearby 
water molecule. This bond is of moderate strength and has an O···O distance of 2.747 (2) 
Å. The next hydrogen bond involves the other hydrogen bond of the last water molecule  
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and the oxygen atom of a nearby water molecule. This bond is of moderate strength and 
has an O···O distance of 2.717 (2) Å. This final water molecule is involved in two more 
hydrogen bonds with one involving the oxygen atom of the nearby 5-fluorocytosinium 
molecule and the other involves the oxygen atom of the nearby carboxylate group of the 
3,5-dihydroxybenzoate  molecule.  This  bonds  are  of  moderate  strength  and  have  O···O 
distances of 2.848 (2) Å and 2.734 (2) Å, respectively. 
Figure 6.32 shows that the water molecules help to link the separate layers together. Two 
of  the  water  molecules  sit  in  the  same  plane  as  the  5-fluorocytosinium  and  3,5-
dihydroxybenzoate plane, whilst the other two water molecules sit in-between the layers. 
In the global structure there are alternating ways to link the layers, one bridging the 3,5-
dihydroxybenzoate molecules in the four membered ring and one bridging through water 
molecules. 
 
Figure 6.32. The changes in the orientation of the water molecules helping to link the in the 5-
fluorocytosinium 3,5-dihydroxybenzoate hydrate molecular complex. Green and purple water 
molecules in same plane as the chains and the black, blue and orange molecules sat between planes 
connecting separate chains. 
 
Figure 6.33. Stacking interactions in the 5-fluorocytosinium 3,5-dihydroxybenzoate molecular 
complex. 
This  structure  contains  several  stacking  interactions  but  importantly  no  base  stacking 
interactions  (Figure  6.33).  Here  there  are  portions  of  the  structure  that  have  a  3,5-
dihydroxybenzoate molecule stacked on top of another 3,5-dihydroxybenzoate molecule, 
and regions where there is a 5-fluorocytosinium stacked on top of 3,5-dihydroxybenzoate 
molecules. This gives three stacking distances of approximately 3.247 Å, 3.231 Å and 
3.161 Å, respectively.  
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6.5 2:2:1 Molecular Complex of Cytosinium 3,5-Dihydroxybenzoate Hemihydrate 
 
Cytosine and 3,5-dihydroxybenzoic acid were dissolved in methanol in a 1:1 molar ratio 
and the solvent was allowed to evaporate slowly until crystals formed. The crystals were 
colourless with a block shape and the crystal used for characterisation by X-ray diffraction 
had  approximate  dimensions  of  0.3mm  x  0.3mm  x  0.3mm.  Data  were  collected  on  a 
Bruker Apex II CCD diffractometer equipped with an Oxford Cryosystems Helix at 100K. 
Crystallographic data are summarised in Table 6.5. 
Like  the  fluorinated  version  of  this  structure  there  is  100%  proton  transfer  from  the 
carboxylic  acid  group  of  the  3,5-dihydroxybenzoic  acid  to  a  cytosine  ring  nitrogen.  
Unusually, there is no homo base-pairing in this complex, however, a hydrogen bonded 
heterodimer  between  the  two  components  is  formed  (Figure  6.34);  there  are  two  such 
independent  units  within  the  structure.  Both  these  units  are  constructed  of  the  same 
hydrogen bonding motif of two N-H···O hydrogen bonds each involving one of the oxygen 
atoms of the carboxylate group. The cytosine molecule acts as the hydrogen bond donor in 
both  with  one  hydrogen  bond  from  the  amine  group  and  one  from  a  protonated  ring 
nitrogen. In the first, the hydrogen bond involving the amine group has an N···O distance 
of 2.763(2) Å and the hydrogen bond involving the ring nitrogen has an N···O distance of 
2.716(3) Å (Figure 6.34, left, hereon referred to as the symmetric dimer, see below). In the 
second unit, these hydrogen bonds have N···O distances of 2.794(6) Å and, 2.762(2) Å, 
respectively (Figure 6.34, right, hereon referred to as the asymmetric dimer, see below). 
    
Figure 6.34. Two independent hydrogen bonded rings formed in the molecular complex of cytosinium 
3,5-dihydroxybenzoate hemihydrate.  Left, the 3,5-dihydroxybenzoate adopts a symmetric 
configuration, and right, the 3,5-dihydroxybenzoate adopts an asymmetric configuration. 
There are two distinctly different configurations for the 3,5-dihydroxybenzoate molecules 
in the molecular complex, differentiated by the positioning of one of the hydrogen atoms 
of one of the hydroxyl groups.  In one of the 3,5-dihydroxybenzoate molecules, both of the 
hydrogen atoms are orientated such that without taking bond lengths into account, a line of 
symmetry  can  be  drawn  down  the  middle  of  the  molecule  through  the  centre  of  the 
carboxylate group and perpendicular to the benzene ring (Figure 6.35, left). The second 
3,5-dihydroxybenzoate molecule does not have this symmetry due to a different orientation  
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of  the  two  hydroxyl  groups  (Figure  6.35,  right).    This  has  a  dramatic  effect  on  the 
hydrogen bonding environment around both molecules. 
 
 
Figure 6.35. Two different 3,5-dihydroxybenzoate molecules in the cytosinium 3,5-dihydroxybenzoate 
molecular complex. 
Two  parallel  symmetric  heterodimers  are  tethered  to  one  asymmetric  dimer  cytosine 
molecule  which  lies  approximately  perpendicular  to  them  through  N-H···O  hydrogen 
bonds; the first is from a ring nitrogen of the cytosinium in the asymmetric dimer to the 
carboxylate  group  of  a  neighbouring  symmetric  dimer  with  an  N···O  distance  of 
2.730(2) Å; the second is from a ring nitrogen on a symmetric dimer to the carbonyl group 
of a cytosinium in the asymmetric dimer with an N···O distance of 2.751(3) Å. 
 
Figure 6.36. Linking of two heterodimers through an N-H···O hydrogen bond from a cytosinium to a 
3,5-dihydroxybenzoate molecule. 
The cytosinium molecule in the asymmetric dimer also forms a hydrogen bond to a water 
molecule.  This N-H···O hydrogen bond is from the amine group of the cytosinium to the 
oxygen of a water molecule (Figure 6.36) with an N···O distance of 2.787(4) Å.  
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Figure 6.37. Water molecule linking two symmetric 3,5-dihydroxybenzoate molecules to an 
asymmetric dimer in the cytosinium 3,5-dihydroxybenzoate hemihydrate molecular complex. 
This water molecule acts as a hydrogen bond donor in two further hydrogen bonds to 
symmetric  3,5-dihydroxybenzoate  molecules  (Figure  6.37).  The  hydrogen  bond  for  the 
first of these lies in the same plane as the asymmetric dimer and the other hydrogen bond 
lies approximately perpendicular to this. The hydrogen bond in the plane is between the 
water and the carboxylate group of a 3,5-dihydroxybenzoate molecule. This bond is an O-
H···O hydrogen bond and has an O···O distance of 2.750(2) Å and is of moderate strength. 
This 3,5-dihydroxybenzoate molecule lies approximately perpendicular to the asymmetric 
dimer. The second hydrogen bond is between the water molecules and one of the oxygen 
atoms  of  a  hydroxy  group  of  a  separate  3,5-dihydroxybenzoate  molecule.  This  3.5-
dihydroxybenzoate molecule is also approximately perpendicular to the asymmetric dimer. 
This bond is of moderate strength and has an O···O distance of 2.967(2 )Å. 
 
Figure 6.38. Hydrogen bonds involving the asymmetric dimer in the cytosinium 3,5-dihydroxybenzoate 
hemihydrate molecular complex. 
The asymmetric 3,5-dihydroxybenzoate molecule is involved in five hydrogen bonds in 
addition  to  the  hydrogen-bonded  ring  with  the  cytosinium  molecule.  The  two  oxygen 
atoms of the carboxylate group are both involved in hydrogen bonds, one accepting an N-
H···O hydrogen bond from the amine group of a cytosinium and the other accepting an a 
O-H···O  hydrogen  bond  from  the  hydroxyl  group  of  a  nearby  3,5-dihydroxybenzoate 
(Figure  6.38).  These  bonds  are  both  of  moderate  strength  and  have  N···O  and  O···O 
distances  of  2.852(2)  Å  and  2.617(3)  Å,  respectively.  The  hydroxyl  group  that  points  
277 
towards the carboxylate group forms an O-H···O hydrogen bond to the oxygen atom of a 
cytosinium molecule of O···O distance 2.700(2) Å. All these bonds are to molecules which 
lie  approximately  perpendicular  to  the  asymmetric  dimer  (Figure  6.38).    The  last  two 
hydrogen bonds involving this molecule both involve the hydroxyl group which points 
away from the carboxylate group of the 3,5-dihydroxybenzoate molecule which acts as a 
hydrogen bond donor and a hydrogen bond acceptor. The first of these hydrogen bonds is 
from the hydroxyl group to create an O-H···O hydrogen bond to one of the oxygen atoms 
of a nearby hydroxyl group of another symmetric 3,5-dihydroxybenzoate molecule. This 
bond  is  of  moderate  strength  and  has  an  O···O  distance  of  2.794(2)  Å.  The  second 
hydrogen  bond  is  accepted  from  the  hydroxy  group  of  a  different  symmetric  hydroxy 
group. This hydrogen bond is an O-H···O bond, is of moderate strength and has an O···O 
distance of 2.872(2) Å. The relative orientations of the two dimers is shown in Figure 6.39. 
 
 
Figure 6.39. The different orientations of the two heterodimers in the cytosinium 3,5-
dihydroxybenzoate hemihydrate molecular complex. 
The hydrogen bonding in this molecular complex does not result, in this case in a layered 
structure.    There  are  still  several  stacking  interactions.  Figure  6.40  shows  that  the 
symmetric 3,5-dihydroxybenzoate molecule (red) stacks on the cytosinium molecule of 
another  symmetric  dimer  (blue).    The  stacking  distances  for  these  interactions  are 
approximately 2.933 Å and 3.230 Å. There are two other stacking interactions between a 
cytosinium  molecule  in  an  asymmetric  dimer  (orange)  and  another  asymmetric  3,5-
dihydroxybenzoate molecule (green). The stacking distances are approximately 3.247 Å 
and 3.263 Å.  
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Figure 6.40. Stacking interactions in the cytosinium 3,5-dihydroxybenzoate hemihydrate molecular 
complex. Red and blue are the 3,5-dihydroxybenzoate and cytosinium molecules in a symmetric dimer, 
respectively and green and orange are the 3,5-dihydroxybenzoate and cytosinium molecules in an 
asymmetric dimer, respectively. Water is yellow. 
6.6. 1:4:5 Molecular Complex of 5-Fluorouracil and 3,5-Dihydroxybenzoic Acid 
Hydrate 
 
5-fluorouracil and 3,5-dihydroxybenzoic acid were dissolved in methanol in a 1:1 molar 
ratio and the solvent was allowed to evaporate slowly until crystals formed. The crystals 
were  colourless  with  a  block  shape  and  the  crystal  used  for  characterisation  by  X-ray 
diffraction had approximate dimensions of 0.3mm x 0.3mm x 0.3mm. Data were collected 
on a Bruker Apex II CCD diffractometer equipped with an Oxford Cryosystems Helix at 
100K. Crystallographic data are summarised in Table 6.5. 
The  5-fluorouracil  molecule  cannot  accept  any  further  hydrogen  atoms  and  so  the 
molecular  complex  consists  entirely  of  neutral  species.    The  molecular  complex  of  5-
fluorouracil  3,5-dihydroxybenzoic  acid  hydrate  forms  in  an  unusual  1:4:5  ratio. 
Surprisingly, there is no conventional primary hydrogen bonding motif involving the 5-
fluorouracil molecule in this molecular complex. All of the hydrogen bonds involving the 
5-fluorouracil involve only water molecules or base-pairing with another 5-fluorouracil 
through moderate C-H---F hydrogen bonds.  There are no direct interactions with 3,5-
dihydroxybenzoic acid molecules.  
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Table  6.1. The  hydrogen  distances  for  the  hydrogen  bonds  between  5-fluorouracil 
molecules  and  water  molecules  in  the  5-fluorouracil  3,5-dihydroxybenzoic  acid 
hydrate molecular complex.  The lettering corresponds to the hydrogen bonds shown 
in Figure 6.41. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.41. Hydrogen bonds involving the 5-fluorouracil molecule in the molecular complex of 5-
fluorouracil 3,5-dihydroxybenzoic acid hydrate. 
The 5-fluorouracil molecule forms homodimers, this time held together by the relatively 
weaker C-H···F hydrogen bonds (Figure 6.41).  There is an inversion centre in the centre of 
the  resulting  hydrogen  bonded  ring  and  the  hydrogen  bonding  between  5-fluorouracil 
molecules resembles a base pairing motif. These two moderate strength hydrogen bonds 
are symmetrically equivalent and have a C···F distance of 3.138(4) Å.  There are a further 
six hydrogen bonds with water molecules for each 5-fluorouracil molecule, two where the 
fluorouracil molecule acts as a hydrogen bond donor and four where it acts as a hydrogen 
bond acceptor (Figure 6.41). All of these bonds are of moderate strength. These water 
molecules fulfil two roles; the first disrupts the potential pseudo-Hoogsteen base pairing 
acting as a spacer between the two 5-fluorouracil molecules (Figure 6.42); the second is as 
Hydrogen Bond  D···A Bond length 
A 
 
2.823(2) Å 
B 
 
2.793(3) Å 
C 
 
2.725(3) Å 
D 
 
2.783(2) Å 
E 
 
2.707(3) Å 
F 
 
2.693(2) Å  
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a link between these 5-fluorouracil dimers and the 3,5-dihydroxybenzoic acid molecules. 
The  hydrogen  bonds  acting  as  the  spacer  molecules  involve  two  symmetry  equivalent 
water molecules with two independent hydrogen bonds (C and D, Figure 6.43) in the four 
molecule hydrogen bonded unit (Figure 6.42).   
 
Figure 6.42. Water molecules disrupting the type B base-pairing in the molecular complex of 5-
fluorouracil 3,5-dihydroxybenzoic acid hydrate. 
 
 
Figure 6.43. 5-fluorouracil surrounded by a ring of 3,5-dihydroxybenzoic acid and water molecules in 
molecular complex of 5-fluorouracil and 3,5-dihydroxybenzoic acid hydrate. 
Pairs of 3,5-dihydroxybenzoic acid molecules form homodimers characteristic of benzoic 
acid molecules, held together by two O-H···O hydrogen bonds of moderate strength.  There 
are  three  independent  dimers  formed,  two  of  which  form  between  the  same  molecule 
related  by  inversion  (hydrogen  bonds  H  and  K  in  Figure  6.44),  and  one  which  forms 
between two independent 3,5-dihydroxybenzoic acid molecules (hydrogen bonds N and O 
in Figure 6.44).  The hydrogen bonds lengths are summarised in Table 6.2. 
The 5-fluorouracil molecules are surrounded by two independent 3,5-dihydroxybenzoic 
acid  and  water  rings  (Figure  6.43,  Figure  6.44).  Each  ring  is  comprised  of  four  3,5-
dihydroxybenzoic acid molecules and two water molecules. Each is held together by eight 
hydrogen bonds, four of which are part of the 3,5-dihydroxybenzoic acid dimers; one of 
the hydrogen bonded rings has an inversion centre located in the centre of the ring (Figure 
6.44, left).  
281 
 
 
Figure 6.44 Ring 1 (left) and ring 2 (right) made up of 3,5-dihydroxybenzoic acid and water molecules 
in the molecular complex of 5-fluorouracil and 3,5-dihydroxybenzoic acid hydrate. 
Table 6.2. Hydrogen bond lengths of the 3,5-dihydroxybenzoic acid dimers and the 
hydrogen  bonded  rings  in  the  molecular  complex  of  5-fluorouracil  3,5-
dihydroxybenzoic  acid  hydrate.    Bond  labeling  corresponds  to  those  indicated  in 
Figure 6.44. 
Hydrogen 
bonds in 
ring 1 
D···A bond 
length 
Hydrogen 
bonds in 
ring 2 
D···A bond 
length 
G  2.603(2) Å  M  2.762(3) Å 
H  2.613(3) Å  N  2.655(2) Å 
I  2.644(3) Å  O  2.650(3) Å 
J  2.767(2) Å  P  2.816(2) Å 
K  2.631(3) Å     
L  2.777(2) Å     
 
The  base  paired  5-fluorouracil  is  surrounded  by  four  rings  made  up  of  benzoic  acid 
molecules and water molecules. The order alternates between ring 1 and ring 2. The rings 
are connected to the base pair via moderate strength hydrogen bonds (Figure 6.45). The 
connections  from  ring  1  to  the  base  pair  are  from  the  hydrogen  atom  of  the  water 
molecules  in  the  ring  and  involves  the  two  oxygen  atoms  of  the  5-fluorouracil.  These 
hydrogen  bonds  have  an  O···O  distance  of  2.707(2)  Å  (Q)  and  2.823(2)  Å  (R).  The 
connection between ring 2 and the base pair is via two equivalent hydrogen bonds between 
the one ring and two separate 5-fluorouracil molecules. The connection is between the 
oxygen  atom  of  a  water  molecule  in  ring  2  and  a  protonated  heteroatom  in  the  5- 
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fluorouracil ring (Figure 6.5, right). This occurs twice and both bonds are of moderate 
strength and both have an N···O distance of 2.693(2) Å. 
 
 
 
Figure 6.45. Ring 1 with link to the base pair (left) and ring 2 with link to the base pair (right) via 
water molecules in molecular complex of 5-fluorouracil and 3,5-dihydroxybenzoic acid hydrate. 
 
 
Figure 6.46. Hydrogen bonds linking separate rings in the same plane in the molecular complex of 5-
fluorouracil and 3,5-dihydroxybenzoic acid hydrate. 
The rings are linked four unique hydrogen bonds. All of the hydrogen bonds here are of 
moderate  strength  and  involve  hydrogen  bonds  between  hydroxyl  groups  of  the  3,5-
dihydroxybenzoic  acid  molecules.  There  are  no  other  connections  between  molecules 
within the planes. These hydrogen bonds have O···O distances of 2.736(2) Å (T), 2.740(2) 
Å (U), 2.742(2) Å (V) and 2.698(2) Å (W) (Figure 6.46).  
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Figure 6.47. Stacking interactions in themolecular complex of 5-fluorouracil and 3,5-dihydroxybenzoic 
acid hydrate. 
There  are  also  stacking  interactions  between  the  3,5-dihydroxybenzoic  acid  framework 
layers.  The approximate spacings between these layers are 3.388 Å and 3.335 Å.  
6.7. 1:1 Molecular Complex of 5-Fluorocytosine and 3,5-Dinitrobenzoic Acid 
 
5-Fluorocytosine and 3,5-dinitrobenzoic acid were dissolved in methanol in a 1:1 molar 
ratio and the solvent was allowed to evaporate slowly until crystals formed. The crystals 
were  colourless  with  a  block  shape  and  the  crystal  used  for  characterisation  by  X-ray 
diffraction had approximate dimensions of 0.3mm x 0.3mm x 0.3mm. Data were collected 
on a Bruker Apex II CCD diffractometer equipped with an Oxford Cryosystems Helix at 
100K. Crystallographic data are summarised in Table 6.5. 
This structure behaves in a different manner to the other structures in the series including 
some  unusual  hydrogen  transfer  effects.  In  the  other  structures  that  contain  cytosine 
reported in this thesis, it is common for there to be hydrogen transfer from the carboxylic 
acid group of the benzoic acid to the unprotonated nitrogen of the cytosine. This molecular 
complex forms in a 1:1 ratio in space group C2/c, however only partial hydrogen transfer 
occurs from the carboxylic acid group of the 3,5-dinitrobenzoic acid to the unprotonated 
heteroatom in the 5-fluorocytosine ring. Instead of there being four different molecular 
species within the asymmetric unit (one 5-fluorocytosine, one 5-fluorocytosinium, one 3,5-
dinitrobenzoic  acid  and  one  3,5-dinitrobenzoate),  there  are  only  two,  one  partially 
protonated  5-fluorocytosine  molecule  and  one  partially  deprotonated  3,5-dinitrobenzoic 
acid molecule. 
Two  homodimers  are  formed.    A  consequence  of  the  partial  hydrogen  transfer  is  the 
formation  of  a  pseudo-Watson-Crick  base  pairing  motif  between  two  5-fluorocytosine 
molecules (Figure 6.48, left).  An inversion centre is located in the middle of the central 
hydrogen bond which results in a single hydrogen atom being effectively shared between  
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the two molecules in this unit.  There are two possible models for this hydrogen atom: it 
could either lie on the inversion centre and therefore adopt a central position within the 
hydrogen  bond,  or  be  disordered  over  two  positions  within  the  hydrogen  bond.    Both 
models give a good fit to the data.  The D···A distances are given in Table 6.3. 
The second homodimer is between two 3,5-dinitrobenzoic acid molecules, however these 
are only held together by a single hydrogen atom rather than the more conventional double 
hydrogen bond in standard benzoic acid dimer (Figure 6.48, right).  This is a consequence 
of the partial deprotonation of the 3,5-dinitrobenzoic acid molecule. The O···O distance for 
this hydrogen bond is 2.466(2) Å, making it a strong hydrogen bond.  There are again two 
possible models for the hydrogen atom shared between the two molecules.  Firstly it could 
be located on the inversion centre in the middle of the O-H···O hydrogen bond, thus being 
shared equally between the two molecules.  Secondly, it could adopt a 50:50 disordered 
position across the hydrogen bond.  Both models again provide a good fit to the data. The 
carboxylic acid group has bond lengths of 1.234(2) Å and 1.282(2) Å and when these are 
compared to the distances observed in the pure structure of 3,5-dinitrobenzoic acid [136] of 
1.250 Å and 1.274 Å it is clear to see that one length has shortened and the other length has 
lengthened. However, the changes are not dramatic and these may be difficult to compare 
due to the disorder present in the structure. The protonated oxygen atom of the carboxylic 
acid group is still showing single bond character, whilst the non-protonated oxygen atom is 
close to the expected length for a double bond. Neutron diffraction would thus be required 
to  characterise  fully  the  hydrogen  behaviour  within  both  of  these  hydrogen  bonds.  
Unfortunately, attempts to grow neutron sized crystals have to-date, been unsuccessful.  
 
 
Figure 6.48 Pseudo-Watson-Crick unit (left) and the 3,5-dinitrobenzoic acid dimer (right) in the 
molecular complex of 5-fluorocytosine and 3,5-dinitrobenzoic acid.  
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Table 6.3.  The hydrogen bond distances in the pseudo-Watson-Crick unit in the 5-
fluorocytosine 3,5-dinitrobenzoic acid molecular complex. 
Hydrogen Bond  D···A Bond length 
1  2.814(2) Å 
2  2.790(2) Å 
1  2.814(2) Å 
 
Figure 6.49. Four molecule building block in the molecular complex of 5-fluorocytosine and 3,5-
dinitrobenzoic acid 
The  structure  contains  a  basic  building  block  that  is  made  up  of  four  molecules  and 
involves seven hydrogen bonds. The central unit comprising three of these hydrogen bonds 
is the pseudo-Watson-Crick base pair. On either side of this there is a 3,5-dinitrobenzoic 
acid molecule tied to the unit via two hydrogen bonds. The first of these hydrogen bonds is 
from the amine group of the 5-fluorocytosine molecule to an oxygen atom of one of the 
nitro groups of the 3,5-dinitrobenzoic acid molecule. This hydrogen bond is an N-H···O 
hydrogen bond and is of moderate strength with an N···O distance of 2.951(2) Å. The 
second hydrogen bond that completes the link between the 3,5-dinitrobenzoic acid and the 
base  pair  involves  the  normally  protonated  ring  nitrogen  of  the  cytosine  and  the  non-
protonated oxygen atom of the carboxyl group of the benzoic acid molecule. This bond is 
of moderate strength and has an N···O distance of 2.710(2) Å. This unit is symmetrical and 
so these hydrogen bonds are formed on both sides of the base pair.  These four molecule 
units assemble into chains, held together by the benzoic acid dimer (black box in Figure 
6.50). 
 
Figure 6.50. 3,5-dinitrobenzoic acid dimer linking separate four molecule building blocks together in 
the molecular complex of 5-fluorocytosine and 3,5-dinitrobenzoic acid.  
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Figure 6.51. Fluorine interactions (left) and the herringbone structure produced (right) in the 
molecular complex of 5-fluorocytosine and 3,5-dinitrobenzoic acid. 
There is a short F···N contact to the nitrogen atom of one of the nitro groups of the 3,5-
dinitrobenzoic acid molecule (Figure 6.51, left). This interaction has an F···N distance of 
2.880(3) Å and this is significant when compared to the sum of the van der Waals radii of 
the two atoms (3.02Å). This fluorine interaction helps to link chains that run perpendicular 
to each other. This forms a herring-bone structure (Figure 6.51, right). 
There are stacking interactions between cytosine molecules stacked on top of each other 
and 3,5-dinitrobenzoic acid molecules stacked on top of each other. The base stacking 
distances are approximately 3.187 Å and 3.317 Å, respectively. These stacking interactions 
are the only direct links between the molecules of layers stacked one on top of the other. 
 
 
Figure 6.52 Stacking interactions in the molecular complex of 5-fluorocytosine and 3,5-dinitrobenzoic 
acid.  
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6.8.  Structural  Trends  in  Molecular  Complexes  with  of  Cytosine  and  5-
Fluorocytosine Disubstituted Hydroxybenzoic Acids 
 
pKa  values  can  be  a  useful  indicator  of  the  likely  proton  transfer  effects  in  molecular 
complexes (Table 6.4) Section 1.6. All of the molecular complexes show total hydrogen 
transfer  in  this  series  except  for  the  2,6-dihydroxybenzoic  acid  and  cytosine  hydrate 
molecular complex.  
Table  6.4.  Summary  of  the  molecular  complexes  of  cytosine  and  5-fluorocytosine 
reported in this chapter. 
Molecular complex   pKa  Hydrogen transfer with 
respect to cytosine 
molecules 
Crystallisatio
n ratio 
Cytosinium 2,4-dihydroxybenzoate 
hydrate Form I 
1.49  100%  1:1:1 
Cytosinium 2,4-dihydroxybenzoate 
hydrate Form II 
1.49  100%  1:1:1 
5-Fluorocytosinium 2,6-
dihydroxybenzoate Form I 
1.96  100%  1:1 
5-Fluorocytosinium 2,6-
dihydroxybenzoate Form II 
1.96  100%  1:1 
Cytosine 2,6-dihydroxybenzoic acid 
hydrate 
3.30   50%  1:2:1 
5-fluorocytosine 3,5-
dihydroxybenzoate hydrate 
-0.78  100%  2:2:5 
Cytosinium 3,5-dihydroxybenzoate 
hydrate  
0.56  100%  2:2:1 
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6.8.1 Molecular Complexes with 2,4-Dihydroxybenzoic Acid 
 
There are two structures that involve 2,4-dihydroxybenzoic acid; these are polymorphs 
with cytosine and both show total hydrogen transfer. The  pKa value for both is therefore 
1.49 (Table 6.4), which falls into the region where there is a possibility of both salt and co-
crystal formation. These structures contain total hydrogen transfer so, except for the water 
molecules, there are no neutral molecules present in the structure.  
6.8.2 Molecular Complexes of 2,6-Dihydroxybenzoic Acid 
 
The molecular complexes reported in this chapter with 2,6-dihydroxybenzoic acid are with 
both cytosine and 5-fluorocytosine. The difference in pKa is quite large in this case as the 
pKa of 2,6-dihydroxybenzoic acid is 1.3. These structures follow the “rule of three” that 
when the  pKa value is greater than 3, as is the case for the cytosine molecular complex 
(Table 6.4), proton transfer is the most likely outcome. This structure contains a water 
molecule  and  mixed  protonation  states  of  cytosine  molecules.  The  rule  has  been 
successfully followed even though there is a water molecule present in the structure. This 
structure falls into the region where a salt is expected to form and the structure follows the 
rules laid out. 
The  remaining  structures,  the  molecular  complexes  of  5-fluorocytosine  with  2,6-
dihydroxbenzoic  acid  polymorphs,  these  structures  have   pKa  values  of  1.96,  in  the 
continuum  region  for  proton  transfer  prediction.  This  structure  contains  total  hydrogen 
transfer. The crystallisation ratio is 1:1 and the rules have been successfully followed here. 
6.8.3 Molecular Complexes of 3,5-Dihydroxybenzoic Acid 
 
In the molecular complexes with 3,5-dihydroxybenzoic acid, the hydrogen transfer is total. 
The  pKa values fall into the region where it is difficult to predict whether proton transfer 
will  occur.  The  pKa  of  3,5-dihydroxybenzoic  acid  is  4.04  and  this  means  that  in  the 
example  of  5-fluorocytosine  and  3,5-dihydroxybenzoic  acid  hydrogen  transfer  is 
unfavourable  and  pKa  matching  would  indicate  the  formation  of  a  neutral  molecular 
complex; however, the structure shows total transfer. The proton transfer in this case may 
be influenced by the presence of water. In this pair of structures the ratio of crystallisation 
is 2:2:5, but the quantity of water is varied with the cytosine molecular complex containing 
five times less water than the cytosine molecular complex.  Despite this, the same basic 
building blocks are observed in both, the hydrogen bonded heterodimer.  
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6.8.4. Hydrogen Bonding Motifs 
 
The hydrogen bonding motifs formed in this series of structures are consistent with those 
found in the other chapters in this thesis. The hydrogen transfer is the primary factor in 
determining which hydrogen bonding motif is adopted by the structure. All but one of the 
structures  contains  the  hydrogen  bonded  heterodimer.  This  is  the  cytosine  and  2,6-
dihydroxybenzoic acid molecular complex and this only shows partial hydrogen transfer 
(there  are  both  neutral  and  charged  cytosine  molecules  present  in  the  structure).  This 
means the pseudo-Watson-Crick bonding motif is formed in this complex. The pseudo-
Watson-Crick base-pairing is only possible in structure containing cytosine when there are 
both charged and neutral molecules in the structure.   
The  two  polymorphs  of  5-fluorocytosinium  2,6-dihydroxybenzoate  hydrate  and  the 
molecular  complex  of  cytosinium  3,5-dihydroxybenzoate  hydrate  form  the  hydrogen 
bonded heterodimer but the connecting bonds to nearby pairs is not through another base 
pairing motif, but through single hydrogen bonds. The other three structures containing the 
hydrogen bonded ring motif are linked to one another via the type B pseudo-Hoogsteen 
bonding  motif.  These  are  the  two  polymorphs  of  cytosinium  2,4-dihydroxybenzoate 
hydrate and the molecular complex of 5-fluorocytosinium 3,5-dihydroxybenzoate hydrate. 
This  helps  to  form  four  molecule  building  blocks  in  each  of  the  structures  and  these 
building blocks are linked together via single hydrogen bonds or via water molecules.  
 
 
Figure 6.53. Similar building blocks found in the molecular complexes of cytosinium 2,4-
dihydroxybenzoate hydrate Form I (left), Form II (middle) and 5-fluorocytosinium 3,5-
dihydroxybenzoate hydrate (right). 
 
Figure 6.54. Steps in the four molecule building blocks found in the molecular complexes of cytosine 
and 2,4-dihydroxybenzoic acid hydrate Form I (left), Form II (middle), and 5-fluorocytosine and 3,5-
dihydroxybenzoic acid hydrate (right). 
In these four molecule building blocks there is the same hydrogen bonding in each of the 
structures, however, some of these units are not planar and show a step. In the molecular 
complex of cytosinium 2,4-dihydroxybenzoate Form I, the step is the most pronounced  
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whilst Form II is much less significant. The molecular complex of 5-fluorocytosinium and 
3,5-diydroxybenzoate does not contain a noticeable step.   
291 
Table 6.5. Crystallographic data for the molecular complexes reported in Chapter 6. 
Compound  5-
fluorocytosiniu
m 2,6-
dihydroxybenz
oate  Form I 
5-
fluorocytosinium 
2,6-
dihydroxybenzoa
te Form II 
Cytosine and 
2,6-
Dihydroxybenz
oic acid 
Hydrate 
Cytosine and 2,4-
Dihydroxybenzoi
c acid Hydrate 
Form I 
Cytosine and 
2,4-
Dihydroxybe
nzoic acid 
Hydrate 
Form II 
5-Fluorocytosine 
and 3,5-
Dihydroxybenzoi
c acid Hydrate 
Cytosine and 
3,5-
dihydroxybe
nzoic acid 
hydrate 
5-
fluorouracil 
and 3,5-
dihydroxybe
nzoic acid 
hydrate 
5-
fluorocytosin
e and 3,5-
Dinitrobenzo
ic acid 
Formula  C11 H10 F1 N3 
O5 
C11 H10 F1 N3 
O5 
C15 H18 N6 O7  C11 N3 O6 H13  C11 N3 O6 
H13 
C22 O15 N6 F2 
H30 
C22 O11 N6 
H24 
C32 O23 F1 
N2 H37 
C11 H9 N5 
O7 F1 
Crystallisation 
Conditions 
Methanol, 
Room 
Temperature 
Methanol, Room 
Temperature 
Methanol, 
Room 
Temperature 
Methanol, Room 
Temperature 
Methanol, 
Room 
Temperature 
Methanol, Room 
Temperature 
Methanol, 
Room 
Temperature 
Methanol, 
Room 
Temperature 
Methanol, 
Room 
Temperature 
Molecular weight 
/ gmol
-1 
283.21  283.21  394.34  283.2  283.2  656.50  548.46  836.63  342.2 
Temperature (K)  100 K  100 K  100 K  100 K  100 K  100 K  100 K  100 K  100 K 
Space Group  P21/c  P21/c  P21/n  P-1  P21/c  P-1  Pbca  P-1  C2/c 
a (Å)  13.248(3)  7.1046(4)  8.346(1)  7.0010(4)  12.991(3)  7.1827(3)  25.1889(2)  10.2429(6)  28.650(8) 
b (Å)  6.945(2)  13.9021(8)  20.395(2)  8.6817(5)  6.530(1)  13.4398(6)  13.6500(1)  13.1654(7)  4.820(1) 
c (Å)  15.986(2)  12.9934(8)  10.101(1)  11.1981(6)  16.709(3)  15.4909(7)  13.4754(1)  14.7630(8)  21.682(6) 
α (
o)  90  90  90  90.919(3)  90  109.268(3)  90  93.532(3)  90 
β (
o)  125.37(1)  116.780(4)  95.826(7)  98.377(3)  120.46(1)  93.297(3)  90  108.103(3)  118.353(8) 
γ (
o)  90  90  90  112.842(3)  90  102.729(3)  90  104.398(3)  90 
Volume (Å
3)  1197(1)  1145.7(3)  1710.5(1)  618.6(1)  1221.8(1)  1363.10(22)  4633.23(1)  1811.87(29)  2634.81(13) 
Z  4  4  4  2  4  2  8  2  8 
θ range (˚)  3.1-27.5  2.3-30.5  2.0-34.6  1.8-30.1  3.3-27.5  1.4-33.3  1.6-27.5  1.5-34.25  1.6-20.4 
Completeness  99.90%  99.70%  98.90%  98.60%  98.40%  99.10%  99.90%  99.30%  99.10% 
Reflections 
Collected 
15201  38582  90833  35429  14444  85995  71875  94191  24775 
Independent  2740  3490  7206  3604  2766  10395  5303  10099  1295 
Refln (obs.I>2 σ 
(I)) 
2005  2790  5542  2005  1892  7932  3665  6650  1032 
Rint  0.0440  0.0591  0.0475  0.0396  0.0542  0.0436  0.0858  0.0530  0.1138 
Parameters  221  221  325  233  233  526  448  671  247 
GooF on F
2  1.096  1.044  1.036  1.057  1.010  1.096  1.022  1.079  1.073 
R1 (Observed)  0.037  0.041  0.043  0.042  0.045  0.054  0.043  0.061  0.036 
R1 (all)  0.056  0.056  0.061  0.055  0.073  0.073  0.082  0.095  0.056 
wR2 (all)  0.097  0.120  0.131  0.137  0.122  0.172  0.098  0.231  0.100  
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Chapter 7 Additional Molecular Complexes of Cytosine 
 
A number of additional molecular complexes of cytosine have also been obtained during 
this project.  The discussion here will be limited to the hydrogen bonding motifs obtained 
and how these fit into the wider context of the other structures reported in this thesis. 
7.1. Molecular Complexes of Cytosine with the Isomers Isonicotinic Acid and 
Nicotinic Acid 
7.1.1 2:1:2 Cytosine and Isonicotinic acid Hydrate 
 
Cytosine and isonicotinic acid were dissolved in methanol in a 1:1 molar ratio and the 
solvent was allowed to evaporate slowly until crystals formed. The crystals were colourless 
plates  and  the  crystal  used  for  characterisation  by  X-ray  diffraction  had  approximate 
dimensions of 0.4mm by 0.1mm by 0.3mm. Data were collected on a Bruker Apex II CCD 
diffractometer equipped with an Oxford Cryosystems Helix at 100K.  Crystallographic 
data are summarised in Table 7.6, at the end of this Chapter. 
 
Figure 7.1 Pseudo-Watson-Crick base pair motif in the molecular complex of cytosine isonicotinic acid 
hydrate 
The molecular complex of cytosine isonicotinic acid hydrate crystallises in a 2:1:2 ratio.  
There is 100% hydrogen transfer from the carboxylic acid group of the isonicotinic acid 
molecule  to  one  of  the  ring  nitrogens  of  one  cytosine  molecule.  This  results  in  a 
deprotonated isonicotinic acid (isonicotinate), a protonated cytosine (cytosinium), a neutral 
cytosine and two water molecules being present in the asymmetric unit. The 2:1 ratio of 
cytosine to isonicotinic acid results in the formation of a pseudo-Watson-Crick base pair 
motif between the protonated and neutral cytosine molecules (Figure 7.1, Table 7.1).   
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Table 7.1 Hydrogen bonds of the pseudo-Watson-Crick base pair in the molecular 
complex of cytosine isonicotinic acid hydrate 
Hydrogen Bond  D---A Distance 
1. O---H-N  2.791(2) Å 
2. N---H-N  2.857(2) Å 
3. N-H---O  2.915(2) Å 
 
Chains of base pairs are formed where one base pair is connected to another base pair 
through two additional single N-H···O hydrogen bonds which create a four molecule R4
2(8) 
hydrogen bonded ring; two sides of the resultant diamond are also part of the pseudo-
Watson-Crick base pair motif (Figure 7.2). These linking hydrogen bonds are of N···O 
distances of 2.814(2) and 2.834(2)Å, respectively. 
 
Figure 7.2 Base-paired chain of cytosine molecules with alternating pseudo-Watson-Crick and four 
molecule hydrogen bonded rings in the molecular complex of cytosine isonicotinic acid hydrate 
There are further hydrogen bonds from the cytosine molecules on both sides of the chain; 
on the cytosinium side, there are two hydrogen bonds, one moderate and one weak to the 
isonicotinate molecule, and on the neutral side of the chain, there are single hydrogen 
bonds  to  water  molecules  (Figure  7.3).  The  hydrogen  bonds  involving  the  cytosinium 
molecules are N-H···O hydrogen bonds between a protonated ring nitrogen on the cytosine 
ring and the carboxylate group of the isonicotinic acid and a C-H···O hydrogen bond from 
an aromatic carbon to the other oxygen of the carboxylate group.  These hydrogen bonds 
have N···O and C···O distances of 2.679(2) Å and 3.056(2) Å, respectively. The N-H···O 
hydrogen  bond  involving  the  neutral  cytosine  molecule  is  between  the  protonated  ring 
nitrogen  and  the  oxygen  of  the  water  molecule.  This  hydrogen  bond  is  of  moderate 
strength and is of N···O distance of 2.738(2) Å.   
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Figure 7.3 Water and isonicotinic acid molecules tied to the cytosine chain via hydrogen bonds in the 
molecular complex of cytosine isonicotinic acid hydrate 
The water molecules are key to both the extension of these cytosine and isonicotinic acid 
units into layers and in the connection of different layers; this is mediated by two further 
hydrogen bonds where the water molecule acts as a hydrogen bond donor. The first of 
these is an O-H···O hydrogen bond to an oxygen atom of the carboxylate group of an 
isonicotinic acid molecule in a parallel plane. This hydrogen bond has an O···O distance of 
2.780(2)  Å  and  is  of  moderate  strength.  The  other  hydrogen  bond  is  to  a  second 
independent water molecule within the same layer and these two water molecules together 
connect two cytosine chains.  
 
Figure 7.4 Water molecule linking two isonicotinic acid molecules via hydrogen bonding in the 
molecular complex of cytosine isonicotinic acid hydrate 
There are also moderate strength hydrogen bond from a water molecule to two separate 
isonicotinic acid molecules. The first of these hydrogen bonds is to the ring nitrogen of an 
isonicotinic acid molecule in the same plane with an O···N distance of 2.857(2) Å and is of 
moderate strength. The second hydrogen bond is to the oxygen of an isonicotinic acid 
molecule in a parallel plane by a moderate strength O-H---O hydrogen bond of O---O 
distance of 2.768(2) Å (Figure 7.4). In this structure, the water and isonicotinate molecules 
combine to link chains of cytosine molecules together into layers. This is similar to that  
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seen in other structures reported in this work (3-hydroxybenzoic acid and cytosine hydrate, 
5-fluorocytosine and 5-fluorosalicylic acid hydrate and cytosine and 5-fluorosalicylic acid 
hydrate). 
In a similar way to other structures showing these chains of pseudo-Watson-Crick cytosine 
dimers, (e.g. benzoic acid and cytosine), the chains stack above each other (Figure 7.5, 
l3ft). Again, the neutral cytosine side of the chain stacks on top of the charged side of 
another cytosine chain and vice versa. The planes are staggered relative to one another 
with an approximate base stacking distance between the planes of 3.158 Å (Figure 7.5, 
right).  There  are  also  π···π  stacking  interactions  between  the  isonicotinate  molecules 
(Figure 7.6). The isonicotinate molecules, much like the cytosine molecules, do not stack 
directly on top of each other and adopt a staggered stacking arrangement. The stacking 
interaction here is of an approximate distance of 3.323 Å. 
 
Figure 7.5 Left, layers connected through hydrogen bonding involving the water and right, the 
staggered stacking of cytosine chains in the molecular complex of cytosine isonicotinic acid hydrate 
 
 
Figure 7.6 Stacking of the isonicotinic acid molecules (yellow and purple) in the molecular complex of 
cytosine isonicotinic acid hydrate  
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Figure 7.7 Colour coding of the four independent molecules in the molecular complex of cytosine 
isonicotinic acid hydrate to show the overall packing. One water molecule (blue) another water 
molecule (black), iconicotinic acid molecule (purple), neutral cytosine (red) and charged cytosine 
(green) 
The overall packing can be seen in Figure 7.7. The structure is constructed of layers. The 
pseudo-Watson-Crick bonding motifs (green for neutral cytosine and red for cytosinium, 
Figure 7.7) stack on top of each other and the isonicotinate molecules (purple) stack on top 
of each other. The two different water molecules (black and blue) combine to link the 
layers together. This gives a three dimensionally hydrogen bonded crystal structure. 
7.1.2 1:1:1 Cytosinium Nicotinate Monohydrate 
 
Cytosine and nicotinic acid were dissolved in methanol in a molar ratio of 1:1 and the 
solvent was allowed to evaporate slowly until crystals formed. The crystals were colourless 
with  a  block  shape  and  the  crystal  used  for  characterisation  by  X-ray  diffraction  had 
approximate dimensions of 0.3mm by 0.4mm by 0.4mm. Data were collected on a Bruker 
Apex  II  CCD  diffractometer  equipped  with  an  Oxford  Cryosystems  Helix  at  100K. 
Crystallographic data are summarised in Table 7.6. 
This molecular complex forms in a 1:1 ratio of cytosine to nicotinic acid and shows 100% 
proton  transfer  from  the  carboxylic  acid  group  of  the  nicotinic  acid  molecule  to  the 
cytosine. The predominant motif observed is therefore the hydrogen bonded ring motif 
creating a heterodimer (Figure 7.8). The only base-pairing that would be possible is the 
type B pseudo Hoogsteen motif; however in this molecular complex, this is not observed.   
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Figure 7.8 Heterodimer with a hydrogen-bonded ring motif in the molecular complex of cytosinium 
nicotinate monohydrate 
The hydrogen-bonded ring is constructed from  two N-H···O hydrogen  bonds. The first 
hydrogen bond is from one of the hydrogen atoms of the amine group of the cytosinium to 
one of the oxygen atoms of the carboxylate group of the nicotinate. This hydrogen bond is 
of moderate strength and has N···O distance of 2.816(1) Å. The other hydrogen bond that 
completes the hydrogen bonded ring is from the hydrogen of a protonated ring nitrogen of 
the cytosinium molecule to the other oxygen atom of the carboxylate group. This bond is 
also of moderate strength with N···O distance of 2.651(1) Å. 
    
Figure 7.9 Left, hydrogen bonds the heterodimer and right, chains of heterodimers linked by single 
hydrogen bonds in the cytosinium nicotinate monohydrate molecular complex. 
There are a number of hydrogen bonds involving the heterodimers (Figure 7.9, left). The 
first of these is an N-H···N hydrogen bond from the second hydrogen of the amine group to 
the  ring  nitrogen  of  the  nicotinate  molecule.  This  hydrogen  bond  is  of  N···N  distance 
2.899(2) Å and is of moderate strength. This nicotinate molecule lies in the same plane as 
the heterodimer and the net result is the formation of chains of heterodimers (Figure 7.9, 
right).  The water molecule again performs two roles, both connecting heterodimer chains 
within layers and connecting parallel layers. The water molecule oxygen atom acts as an 
N-H···O hydrogen bond acceptor for a hydrogen bond from a protonated ring nitrogen of 
the  cytosine  molecule.  This  hydrogen  bond  is  of  N···O  distance  2.834(2)  Å  and  is  of 
moderate strength. This water molecule then acts as a linking unit to neighbouring chains 
of  heterodimers.    A  DHAA  bifurcated  O-H···O  hydrogen  bond  is  formed  to  a  single  
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heterodimer bridging the hydrogen bonded ring with the major hydrogen bond forming to 
the carbonyl oxygen atom of the cytosinium molecule and the minor component to one of 
the carboxyl oxygens of the nicotinate molecule (Figure 7.10, green dotted lines).  The 
major  and  minor  components  have  O···O  distances  of  3.078(3)  and  3.187(3)Å, 
respectively. The water molecule takes part in one more hydrogen bond and it involves the 
hydrogen not involved in the bifurcated hydrogen bonds. This hydrogen bond is between 
the hydrogen of the water molecule and one of the oxygen atoms of the carboxylate group 
of a nicotinate in a parallel plane. This hydrogen bond is of moderate strength and is of 
O···O distance 2.806(2) Å (Figure 7.11). A further weak C-H···O hydrogen bond is formed 
between cytosinium molecules in neighbouring chains with a C···O distance of 3.082(2)Å 
(Figure 7.10, violet dotted line).  
 
Figure 7.10 The connection of neighbouring heterodimer chains in the molecular complex of 
cytosinium nicotinate monohydrate.  The bifurcated hydrogen bond involving the water molecule is 
represented by green dotted lines and the weak C-H··O hydrogen bond by a violet dotted line. 
 
Figure 7.11 Water molecule connecting the layers in the molecular complex of cytosinium nicotinate 
monohydrate 
An eight membered hydrogen bonded ring is formed, constructed of two heterodimer pairs 
and four individual molecules between two layers (Figure 7.12). Two pairs are connected 
via the two hydrogen bonds that involve the water molecule and the other three molecules 
are connected in the ring via single hydrogen bonds.   
299 
     
Figure 7.12. Eight molecule hydrogen bonded ring in the molecular complex of cytosinium nicotinate 
monohydrate 
There are also stacking interactions in the form of π···π stacking interactions (Figure 7.13). 
Cytosinium molecules are stacked on top of nicotinate molecules, through two stacking 
interactions. The first of these is present between two layers that are linked together via the 
hydrogen bonds involving the water molecules. This stacking distance is approximately 
3.358 Å. The other stacking interaction is between layers that have no hydrogen bonds 
between the layers present in the structures, with distance of approximately 3.268 Å. 
   
Figure 7.13 (a) Stacking interactions and (b) staggered stacking in the molecular complex of 
cytosinium nicotinate monohydrate 
 
Figure 7.14 Colour coded structure to show planar nature and the role of the water molecule 
connecting separate layers in the molecular complex of cytosinium nicotinate monohydrate. Water 
(red), cytosine (green) and nicotinic acid (yellow) 
The cytosine (green) and the nicotinic acid (yellow) construct layers lying along the b axis. 
The  water  molecules  (red)  combine  to  link  separate  chains  together  and  stacking 
interactions  are  also  present  between  the  chains  in  addition  to  the  hydrogen  bonds  
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involving water molecules. The water molecules only  connect pairs of layers together; 
there are no hydrogen bonds in the central layer spacing shown in Figure 7.14. 
7.2. Molecular Complexes of Cytosine with Substituted Benzoic Acids 
 
7.2.1 2:1 Cytosine and 2-nitrobenzoic acid 
 
Cytosine and 2-nitrobenzoic acid were dissolved in methanol in a 1:1 molar ratio and the 
solvent was allowed to evaporate slowly until crystals formed. The crystals were colourless 
with  a  block  shape  and  the  crystal  used  for  characterisation  by  X-ray  diffraction  had 
approximate dimensions of 0.3mm x 0.3mm x 0.2mm. Data were collected on a Bruker 
Apex  II  CCD  diffractometer  equipped  with  an  Oxford  Cryosystems  Helix  at  100K.  A 
summary of the crystallographic data are given in Table 7.6. 
The molecular complex forms in a 2:1 ratio of cytosine to 2-nitrobenzoic acid; a proton is 
transferred  from  the  carboxyl  group  of  the  2-nitrobenzoic  acid  molecule  to  the 
unprotonated  heteroatom  of  one  of  the  cytosine  rings.  Therefore  three  species  are 
contained within the asymmetric unit: a protonated cytosinium molecule, a deprotonated 2-
nitrobenzoic acid molecule (2-nitrobenzoate) and a neutral cytosine molecule. This means 
that the pseudo-Watson-Crick base pair hydrogen bonding motif predominately exhibited 
in similar 2:1 complexes is observed (Figure 7.15, left).  The three hydrogen bonds in this 
unit are all of moderate strength (Table 7.2). 
   
Figure 7.15. Left, pseudo-Watson-Crick base pair unit and right, chains of cytosine molecules in the 
molecular complex of cytosine and 2-nitrobenzoic acid 
Table 7.2 Hydrogen bonds for the pseudo-Watson-Crick hydrogen bond motif in the 
molecular complex of cytosine and 2-nitrobenzoic acid 
Hydrogen Bond  D···A Distance 
O···H-N  2.739(2) Å 
N···H-N  2.839(2) Å 
N-H···O  2.939(2) Å  
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Chains  of  cytosine  molecules  are  formed  through  two  independent  N-H···O  single 
hydrogen bonds to neighbouring pseudo-Watson-Crick units (Figure 7.15, right). The base 
paired chain forms in a way that on one side of the chain there are only protonated cytosine 
molecules  and  on  the  other  side  there  are  only  neutral  cytosine  molecules.  There  is  a 
hydrogen  bond  between  two  separate  neutral  cytosine  molecules  in  the  chain  and  one 
hydrogen bond between two protonated cytosine molecules. The first hydrogen bond is 
from the amine group of a neutral cytosine to the oxygen atom of a nearby neutral cytosine 
molecule. This hydrogen bond is of moderate strength  and is of N···O distance 2.835(2) Å. 
The second hydrogen bond is the equivalent between the amine group and the oxygen of 
protonated  cytosine  molecules.  This  N···O  hydrogen  bond  length  is  2.832(2)  Å.  The 
strength of this hydrogen bond is therefore not affected by the charged state of the cytosine 
molecule. 
   
Figure 7.16 2-nitrobenzoate molecules hydrogen bonded to cytosine base-paired chain in the 2:1 
cytosine and 2-nitrobenzoic acid molecular complex. 
On either side of the cytosine chain the 2-nitrobenzoate molecule is tied to the chain via 
two similar moderate hydrogen bonds N-H---O hydrogen bonds from a protonated ring 
nitrogen of the cytosine to the carboxylate group of the 2-nitrobenzoate molecule (Figure 
7.16,  left).  The  hydrogen  bond  involving  the  neutral  cytosine  molecule  has  an  N···O 
distance of 2.742(2) Å (Figure 7.16, right; hydrogen bond A) and the hydrogen bond with 
the cytosinium molecule has an N···O distance of 2.699(2) Å (hydrogen bond B). There is 
an  additional  weak  C-H···O  hydrogen  bond  from  an  aromatic  hydrogen  to  one  of  the 
oxygen atoms of the nitro group (hydrogen bond C).  This is of C---O distance 3.303 (3) Å.  
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Figure 7.17 2-nitrobenzoate molecules linking parallel cytosine base-paired chains via single hydrogen 
bonds in the 2:1 cytosine and 2-nitrobenzoic acid molecular complex. 
The 2-nitrobenzoate molecules do not lie in the same plane as the cytosine chains.  In 
addition, the carboxylate group is twisted out of the plane of the benzene ring of the 2-
nitrobenzoate molecule itself.  This enables it to play a connecting role between parallel 
chains of cytosine through hydrogen bonds A and B creating a six molecule unit (Figure 
7.17). The cytosine chains are stacked such that they are inverted relative to one another 
and thus the neutral part of the chain stacks above the protonated part of the chain below 
and vice versa.  
 
Figure 7.18 Linking between chains using weak hydrogen bonds and the subsequent orientation of the 
chains involved in the structure of cytosine and 2-nitrobenzoic acid 
There  are  three  weak  hydrogen  bonds  involving  aromatic  hydrogen  atoms  of  the  2-
nitrobenzoate molecule. The first involves the hydrogen positioned next to the carboxylate 
group of the 2-nitrobenzoate and one oxygen atom of a nearby nitro group (Bond D, Figure 
7.18).  This  bond  is  of  moderate  strength  and  is  of  C···O  length  3.291(2) Å.  The  next 
involves the hydrogen in the 4- position of the 2-nitrobenzoate and the other oxygen atom 
of the nitro group of a separate 2-nitrobenzoate molecule. This bond is of weak strength 
and is of C···O length 3.333(3) Å (Bond E). The final weak hydrogen bond is between the 
hydrogen in the 3- position of the 2-nitrobenzoate molecule and one of the oxygen atoms  
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of a carboxylate group of a separate 2-nitrobenzoate molecule. This bond weak with C···O 
length of 3.469(2) Å (Bond F). These hydrogen bonds combine to create a zig zagged 
structure  where  the  orientation  of  the  2-nitrobenzoate  molecules  and  the  subsequent 
interactions produce the change in orientation of nearby  chains (Figure 7.19). Bond  D 
connects the red and green units with cytosine chains in parallel layers but staggered with 
respect  to  one  another.  Bonds  E  and  F  connect  units  together  which  are  almost 
perpendicular to one another. 
 
Figure 7.19 The orientation of the building blocks described showing non- planar packing in the 
structure of cytosine and 2-nitrobenzoic acid 
There are some base stacking interactions present in this structure also between the two 
cytosine chains in one building block (Figure 7.19). These interactions have the pseudo-
Watson-Crick base paired chains stacked on top of each other with the charged side of the 
chain being on top of a neutral side of the chain and vice versa. The stacking distance is 
approximately 3.130 Å. Figure 7.20 shows that there are reasonably well defined regions 
of 2-nitrobenzoic acid (green) and regions of cytosine (red) when looking along the a-axis. 
Weak interactions connect neighbouring building blocks and all the stronger interactions, 
in the form of moderate hydrogen bonds, are involved in the construction of the basic six 
molecule  building  block.  The  other  stacking  interactions  present  are  between  the  2-
nitrobenzoic  acid  and  the  cytosine  chain  directly  below  it.  The  2-nitrobenzoic  acid 
molecule  stacks  on  top  of  the  neutral  cytosine  molecule  with  this  stacking  distance 
measured  as  approximately  3.086  Å.  There  is  one  final  stacking  interaction  present 
between separate building blocks, comprising a charged cytosine molecule stacked on top 
of a charged cytosine. This distance is measured to be approximately 3.207 Å.  
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Figure 7.20 Global packing of the cytosine and 2-nitrobenzoic acid molecular complex. Cytosine 
molecules are shown in red and 2-nitrobenzoate molecules in green. 
7.2.2 2:1 Cytosine and 3-bromobenzoic acid 
 
Cytosine and 3-bromobenzoic acid were dissolved in methanol in a 1:1 molar ratio and the 
solvent was allowed to evaporate slowly until crystals formed. The crystals were colourless 
with  a  needle  shape  and  the  crystal  used  for  characterisation  by  X-ray  diffraction  had 
approximate dimensions of 0.4mm x 0.2mm x 0.2mm. Data were collected on a Bruker 
Apex  II  CCD  diffractometer  equipped  with  an  Oxford  Cryosystems  Helix  at  100K.  
Crystallographic data are summarised in Table 7.6. 
This  molecular  complex  forms  in  a  2:1  ratio  of  cytosine  to  3-bromobenzoic  acid;  a 
hydrogen atom is again transferred from the carboxyl group of the 3-bromobenzoic acid 
molecule  to  the  unprotonated  heteroatom  of  the  cytosine  ring.  The  asymmetric  unit 
therefore  contains  a  protonated  cytosine  molecule  (cytosinium),  a  deprotonated  3-
bromobenzoic acid (3-bromobenzoate) and a neutral cytosine molecule. The presence of 
both a neutral and a protonated cytosine again results in the formation of pseudo-Watson-
Crick base paired hydrogen bonding motifs (Figure 7.21; Table 7.3). 
    
Figure 7.21.Left, pseudo-Watson-Crick base paired hydrogen bonding motif and right, cytosine chains 
in the molecular complex of cytosine and 3-bromobenzoic acid 
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Table 7.3. The three hydrogen bonds in the pseudo-Watson-Crick base-pairing motif 
in the molecular complex of cytosine and 3-bromobenzoic acid 
Hydrogen Bond  D···A distance 
 
O···H-N  2.765(4) Å 
N···H-N  2.853(4) Å 
N-H···O  2.923(4) Å 
 
Cytosine chains are again constructed of pseudo-Watson-Crick base pairs joined through 
two  N-H···O  hydrogen  bonds  (Figure  7.21).    The  chains  have  the  protonated  cytosine 
molecules on one side and the neutral cytosine molecules on the other side of the chain. 
There is one hydrogen bond between adjacent neutral cytosine molecules from the amine 
group of one cytosine to the oxygen atom of another cytosine molecule. This hydrogen 
bond is of moderate strength and is of N···O distance 2.818(4) Å. The other hydrogen bond 
is  the  equivalent  between  two  cytosinium  molecules.  This  hydrogen  bond  is  also  of 
moderate strength and is of N···O distance 2.819(4) Å.  
 
Figure 7.22 3-bromobenzoate molecules linking parallel cytosine chains via single hydrogen bonds in 
the molecular complex of cytosine and 3-bromobenzoic acid 
The 3-bromobenzoate molecules are planar and do not lie in the same plane as the cytosine 
chains.    Two  chains  of  cytosine  lie  parallel  to  one  another  and  3-bromobenzoic  acid 
molecules link them on either side (Figure 7.22). The chains are inverted relative to each 
other such that neutral side of the chain is above the protonated side of the other chain and 
vice  versa.  The  3-bromobenzoate  molecules  act  as  hydrogen  bond  acceptors  for  two 
moderate  strength  N-H···O  hydrogen  bonds.  One  of  the  hydrogen  bonds  is  from  the 
hydrogen on a protonated ring nitrogen of a neutral cytosine to one of the oxygen atoms of 
a nearby carboxylate group. This hydrogen bond is of moderate strength and is of N···O 
distance 2.726(4) Å. The other hydrogen bond is the equivalent from the protonated ring 
nitrogen of the cytosinium molecule to the other oxygen atom of the carboxylate group. 
This hydrogen bond is also of moderate strength and is of N···O distance 2.611(4) Å.   
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This structure has some similarities to that of the cytosine 2-nitrobenzoic acid molecular 
complex (Section 7.2) where weak interactions link nearby six molecule building blocks 
together. There are two weak interactions, a Br···H-C interaction between the hydrogen 
next to the normally protonated nitrogen of a cytosine ring and a weak C-H···π interaction 
between two 3-bromobenzoate molecules. The first of these has a Br···H distance of 3.039 
Å which is just within the sum of the van der Waals radii of the two atoms (3.05 Å) The 
C···π distance is approximately 3.667 Å. It is through these interactions that the chains are 
orientated in a zig-zag pattern. Both this structure and that of the cytosine 2-nitrobenzoic 
acid molecular complex have well defined areas of cytosine chains (red, Figure 7.23)) and 
regions of benzoic acids (green, Figure 7.23)). The similarity is striking considering the 
increased  potential  hydrogen  bonding  in  the  2-nitrobenzoic  acid  complex  due  to  the 
presence of the nitro group. The six molecule hydrogen bonded unit and the extended 
cytosine chains persist in both structures. 
 
Figure 7.23 Comparison of structures of (a) 3-bromobenzoic acid and cytosine and (b) cytosine and 2-
nitrobenzoic acid with cytosine in each structure being represented by red and benzoic acids 
represented by green. 
Base stacking interactions are also present in this bromobenzoic acid complex structure in 
the same manner as that seen in the nitrobenzoic acid structure. The stacking interactions 
once again have the neutral cytosine above a charged cytosine with the opposite on the 
other side of the same chain. This structure has an approximate stacking distance of 3.127 
Å. There is also a further stacking interaction between the two charged cytosine molecules 
between the separate building blocks, of approximate distance 3.119 Å. 
7.2.3 1:1:1 Cytosinium 2,4,6-trimethylbenzoate monohydrate 
 
Cytosine and 2,4,6-trimethylbenzoic acid were dissolved in methanol in a 1:1 molar ratio 
and the solvent was allowed to evaporate slowly until crystals formed. The crystals were 
colourless with a block shape and the crystal used for characterisation by X-ray diffraction  
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had  approximate  dimensions  of  0.3mm  x  0.3mm  x  0.2mm.  Data  were  collected  on  a 
Bruker Apex II CCD diffractometer equipped with an Oxford Cryosystems Helix at 100K. 
Crystallographic data are summarised in Table 7.6. 
The molecular complex forms in a 1:1 ratio of cytosine to 2,4,6-trimethylbenzoic acid and 
proton transfer is found from the carboxyl group of the trimethylbenzoic acid molecule to 
the  unprotonated  heteroatom  of  the  cytosine  ring.  There  is  therefore  one  protonated 
cytosine  molecule  (cytosinium),  one  deprotonated  2,4,6-trimethylbenzoic  acid  molecule 
(2,4,6-trimethylbenzoate) and one water molecule in the asymmetric unit. 
A  heterodimer  between  the  cytosinium  and  the  2,4,6-trimethybenzoate  molecules  is 
formed,  further  supporting  the  observation  that  this  hydrogen  bonding  motif  is 
predominant  in  molecular  complexes  showing  proton  transfer  and  a  1:1  ratio  of  the 
cytosine to the co-molecule (Figure 7.24). The hydrogen bonded ring of the heterodimer is 
constructed from two N-H···O hydrogen bonds, the first of which is from a hydrogen on 
the amine group of the cytosinium to one of the oxygen atoms on the carboxylate group of 
the  2,4,6-trimethylbenzoate.  The  second  hydrogen  bond  is  from  the  hydrogen  on  a 
protonated ring nitrogen of the cytosinium to the other oxygen of the carboxylate group. 
These hydrogen bonds are both of moderate strength and have N···O distances of 2.758(1) 
Å and 2.772(1) Å, respectively.   
 
Figure 7.24 Hydrogen-bonded ring motif in the cytosinium 2,4,6-trimethylbenzoate monohydrate 
molecular complex. 
Whilst the pseudo-Watson-Crick base pair motif is not possible in this complex, the type B 
pseudo-Hoogsten base pair motif is possible. However, this is not found here, with no 
extended homo-base pairing chain found in this structure. There is however, a chain of 
cytosinium molecules connected by a single N-H···O hydrogen bond from the amine group 
one cytosinium to the carbonyl oxygen on a second (Figure 7.25, left).  These hydrogen 
bonds are of moderate strength and of N···O distances of 2.882(1) Å. 
The carboxylate group of the 2,4,6-trimethylbenzoate molecule acts as a hydrogen bond 
acceptor for two hydrogen bonds involving water molecules (Figure 7.25, right). The two  
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hydrogen bonds are of moderate strength with O···O distances of 2.801(1) Å (A, Figure 
7.25, right) and 2.760(1) Å (B, Figure 7.25, right). The first of these hydrogen bonds acts 
as an additional linker molecule between cytosinium molecules in the hydrogen bonded 
chain (Figure 7.25, right).  An N-H···O hydrogen bond is formed, between a protonated 
ring nitrogen of the cytosinium and the oxygen atom of the water molecule. This bond is of 
moderate  strength  and  is  of  N···O  distance  2.739(1)  Å.    This  creates  a  four  molecule 
R4
3(10)  hydrogen  bonded  ring.  The  second  water  hydrogen  bond  connects  cytosinium 
chains  that  lie  approximately  perpendicular  to  one  another  (Figure  7.26,  left).    These 
almost perpendicular units are also held together through C-H···O hydrogen bonds from a 
methyl hydrogen atom to the carboxylate of a 2,4,6-trimethylbenzoate molecule creating a 
twisted chain of these molecules (Figure 7.26, right).  These hydrogen bonds are weak with 
a C···O distance of 3.556 (2) Å. 
   
 
Figure 7.25 Left, chain of cytosinium molecules linked by single hydrogen bonds and right, hydrogen 
bonds involving the water molecules in the molecular complex of cytosinium 2,4,6-trimethylbenzoate 
monohydrate 
    
Figure 7.26 Orientation (approximately perpendicular) of neighbouring cytosinium chains in the 
molecular complex of cytosinium 2,4,6-trimethylbenzoate monohydrate 
The  base  stacking  in  this  structure  can  be  clearly  seen  in  Figure  7.27.  There  are  no 
cytosinium cytosinium stacking interactions as the 2,4,6-trimethybenzoate molecules are  
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stacked  on  top  of  the  cytosinium  molecules.  The  distance  between  the  two  layers  is 
approximately 3.289 Å. 
 
Figure 7.27 Stacking of cytosinium on top of 2,4,6-trimethylbenzoate in the molecular complex of 
cytosinium 2,4,6-trimethylbenzoate monohydrate 
7.3 Conclusions 
 
Where the crystallisation ratio is 2:1 cytosine to co-molecule, at least one neutral and one 
charged molecule are found in the resulting structure. All of the 2:1 structures reported in 
this chapter contain a cytosine chain constructed of pseudo-Watson-Crick base-pairs with 
each base pair formed from one cytosine and one cytosinium molecule. These base pairs 
are connected to each other through single hydrogen bonds forming an extended chain. 
There is base stacking present in all of the structures with chains of cytosine sitting directly 
on  top  of  each  other  with  the  charged  cytosinium  on  top  of  the  non-charged  cytosine 
molecule. The non-cytosine molecules in the structures (co-molecules or water molecules) 
link these chains together. Where the crystallisation ratio in the molecular complex is 1:1, a 
fully ionic molecular complex tends to be found where the primary hydrogen bonding is 
the formation of a heterodimer held together by a hydrogen bonded ring.  Many of these 
structures  are  hydrates  and  the  presence  of  water  molecules  does  not  interrupt  the 
predominant hydrogen bonding motifs. 
The  pKa (Table 7.4, Table 7.5) values indicate that hydrogen transfer might be expected 
in all of these complexes.  The complex most likely to show proton  transfer with the 
largest  pKa value is that of the complex with nicotinic acid.  However this, perhaps 
surprisingly, forms in a 2:1 ratio of cytosine to isonicotinic acid.  The pKa values are thus 
useful as  a  guide to whether or not proton transfer will occur,  but it has only limited 
validity in predicting the crystallisation ratio and therefore the degree of relative hydrogen 
transfer. Also the base stacking present in the structures will predominantly have charged 
cytosine molecules stacked on top of neutral cytosine molecules and the only point where  
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there are stacking interactions between the two charged molecules is between the building 
blocks; this may be a consequence of the preferred bonding pattern adopted. However, 
when there are only charged cytosinium molecules present these are also seen to avoid 
stacking on top of one another and will be present with the cytosinium on top of the co-
molecule present in the structure. 
Table 7.4 Ratio of products, percentage of cytosine molecules gaining a hydrogen and 
 pKa values for the structures in Chapter 7 
Co-crystal 
Crystallisat
ion ratio 
Hydrogen  Transfer  with 
respect to cytosine 
 pKa 
Cytosine  and  2-
nitrobenzoic acid 
2:1  50%  2.44 
Cytosine  and  3-
bromobenzoic acid 
2:1  50%  0.76 
Cytosine  and 
Isonicotinic  acid 
Hydrate 
2:1:2  50%  2.83 
Cytosinium  2,4,6-
trimethylbenzoate 
monohydrate 
1:1:1  100%  1.17 
Cytosinium  nicotinate 
monohydrate 
1:1:1  100%  2.60 
 
Table 7.5  pKa values of the starting materials  
Starting Material  pKa Value 
Cytosine  4.60 
2-nitrobenzoic acid  2.16 
3-bromobenzoic acid  3.81 
Isonicotinic acid  1.77 
2,4,6-trimethylbenzoic acid  3.43 
Nicotinic acid   2.00 
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Table 7.6.  Table of crystallographic data for the molecular complexes of cytosine in Chapter 7. 
Compound  Cytosine and 
isonicotinic acid 
hydrate 
Cytosinium nicotinate 
monohydrate 
Cytosine and 2-
nitrobenzoic acid 
Cytosine and 3-
bromobenzoic acid 
Cytosineium 2,4,6-
trimethylbenzoate 
monohydrate 
Formula  C14 H19 N7 O6  C10 H12 N3 O4  C15 H15 N7 O6  C15 H15 N3 O4 Br1  C14 H19 N3 O4 
Crystallisation 
Conditions 
Methanol, Room 
Temperature 
Methanol, Room 
Temperature 
Methanol, Room 
Temperature 
Methanol, Room 
Temperature 
Methanol, Room 
Temperature 
Molecular weight / 
gmol
-1 
381.34  238.22  389.32  381.20  293.32 
Temperature (K)  100 K  100 K  100 K  100 K  100 K 
Space Group  P-1  P21/n  P21/c  P21/c  Pna21 
a (Å)  7.0662(8)  7.4120(6)  7.3848(1)  7.3543(1)  16.0704(14) 
b (Å)  7.3657(7)  18.2353(14)  26.0769(3)  32.4834(6)  7.4773(7) 
c (Å)  17.6043(18)  8.3167(6)  9.1863(1)  7.3020(1)  12.0458(10) 
α (
o)  100.776(7)  90  90  90  90 
β (
o)  92.245(7)  103.109(4)  108.556(1)  109.947(1)  90 
γ (
o)  107.966(7)  90  90  90  90 
Volume (Å
3)  851.59(27)  1094.79(11)  1511.52(3)  1639.75(6)  1447.46(2) 
Z  2  4  4  4  4 
θ range (˚)  1.2-29.3  2.2-28.7  1.6-24.7  1.3-27.5  2.5-33.5 
Completeness  99.20%  95.90%  99.90%  99.90%  97.90% 
Reflections Collected  44572  36945  26556  25578  81430 
Independent  4614  2648  2869  3752  5448 
Refln 
(obs.I>2theta(I)) 
3457  2151  2391  2641  5190 
Rint  0.0623  0.0490  0.0418  0.1021  0.0472 
Parameters  320  211  313  295  266 
GooF on F
2  1.028  1.044  1.034  1.050  1.107 
R1 (Observed)  0.041  0.040  0.030  0.048  0.037 
 
R1 (all) 
0.061  0.055  0.041  0.088  0.041 
wR2 (all)  0.116  0.114  0.079  0.130  0.079 
  
312 
Chapter  8.    Systematic  Study  of  Hydrogen  Bonding  Base  Pairing  Motifs  using 
DSNAP and the CSD 
8.1 Introduction to dSNAP 
 
The dSNAP program has become a very useful tool for comparing related structures in a 
quick, easy and unbiased manner. This program was developed to help with the volume of 
crystal structures that are now in the CSD [137], with over 500000 entries now present in 
that  database.  The  core  idea  behind  dSNAP  is  that  similar  fragments  defined  by  their 
geometry  are  grouped  into  clusters  using  statistical  methods.    The  target  molecules  or 
defined regions are selected and the regions defined are decided by the user to give a 
narrow or wide search.  The results can be visualised as a dendrogram and an MMDS 
(metric multi-dimensional scaling) plot.  DSNAP does not provide any direct information 
on  why  each  cluster  is  formed,  this  interpretation  being  left  to  the  structural  chemist 
carrying out the calculation. 
The  dSNAP  program  has  been  used  to  analyse  both  molecular  geometry  and 
intermolecular interactions. The work carried out by Parkin et al in 2005 [138] helped to 
illustrate this through the analysis of the interactions of carboxylic  acids with primary 
amides and with other carboxylic acid groups. In a follow-up paper Collins et al in 2006 
[139] analysed interactions of carboxylic acids with secondary amides. The searches were 
conducted using the CSD and the returned hits were entered into the dSNAP program for 
analysis. The work allowed the intermolecular interactions present in related structures in 
the CSD to be examined. 
The main conclusions drawn from these initial studies were that the dSNAP program could 
be used to help analyse hydrogen bonding motifs in both large and small datasets that have 
been taken from the CSD. This allows for information to be gathered and analysed in a 
quick manner that would allow new projects to be undertaken in analysing the CSD that 
would not be previously possible due to time constraints. One major factor, however, is 
that the clusters, when returned by dSNAP, must be checked by the user due to dSNAP not 
including any of the chemistry behind the interactions. The program requires no chemical 
input, and the analysis is carried out purely statistically, with no chemical bias introduced 
in the analysis. A dSNAP analysis will help the user to identify the common interactions 
and  bonding  motifs  that  can  be  undertaken  by  the  structures  being  analysed.  The 
combination of dendrograms, MMDS plots and other display techniques give the user the  
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easy  task  of  identifying  problems  in  the  analysis  or  help  to  confirm  and  interpret  the 
analysis carried out by the program.   
8.2. Base Pairing 
 
There  are  many  crystal  structures  involving  DNA  bases  in  the  Cambridge  Structural 
Database (CSD).  A survey was thus undertaken in two parts: the first was to utilise the 
cluster analysis program, dSNAP, to investigate the common base-pair  motifs between 
DNA base pairs and to investigate systematically the relative orientation of the two base 
pairs; the second was to identify the common base pair motifs already recorded in the CSD 
involving cytosine and co-molecules, with this search not restricted to other DNA bases.   
DNA base pairs are constructed of purines and pyrimidines. In each of the two categories 
there are two DNA bases, adenine and guanine, and thymine and cytosine, respectively 
(Figure 8.1).  
 
   adenine    thymine 
guanine       cytosine 
 
Figure 8.1. Molecular structures of the purine pair, adenine and guanine, and the pyrimidine pair, 
thymine and cytosine. 
The  DNA  double  helix  contains  two  chains  of  nucleotides,  which  are  linked  together 
through the hydrogen bonding between the nucleic acid bases. When part of the DNA 
double helical structure, each base specifically pairs to one other base.  Adenine forms a 
hydrogen bonded pair with thymine alone, while guanine and cytosine will form hydrogen 
bonds  exclusively  with  one  another.    Altogether,  however,  there  are  29  possible 
combinations of bases to form both hetero and homo base pairs [140].  Base pairs can be 
purines  pyrimidines  
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characterised  by  a  number  of  parameters  including:  propeller  twist,  buckle,  C1’-C1’ 
separation and hydrogen bonding parameters [103]. 
8.2.1 Propeller Twist 
 
The bases of a DNA pair are not precisely coplanar and are twisted with respect to one 
another.  A base pair in DNA is made up of two ringed planar structures joined together by 
hydrogen bonds. The opposite rotation of these two molecules about their lengthwise axis 
is referred to as a propeller twist (Figure 8.2).  
 
Figure 8.2. Propeller twisting in a DNA base pair [38]. 
8.2.2 Buckle 
 
This can be classed as the angle between the normals of the planes on which each of the 
bases lie [103]. Buckling occurs as a result of the levelling of the two bases to eliminate the 
propeller twist. 
 
Figure 8.3.  A sketch to demonstrate buckle in a base pair motif [39]. 
8.2.3 Hydrogen Bonding  
 
The  last  of  the  classification  methods  and  of  most  interest  in  this  study  is  hydrogen 
bonding. This includes the number and type of hydrogen bonds involved in the base pair, 
together with the hydrogen bond lengths and angles [141].  
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8.2.4 dSNAP Study of Base Pairing  
 
An initial search in the CSD showed that base-pairing between adenine and cytosine and 
guanine and thymine was uncommon, and so the focus was kept to the natural DNA base 
pair motifs of thymine and adenine, and guanine and cytosine.  dSNAP was utilised as a 
method to cluster the structural fragments and to identify if any trends could be found in 
the hydrogen bonding motifs, or in the relative orientations of the two hydrogen bonded 
molecules. dSNAP is an ideal tool for this as the clustering is statistical and thus unbiased. 
8.3 dSNAP Study of Adenine and Thymine Base Pairing 
 
There are a large variety of conformations available for the adenine thymine base pair.  It 
is  the  only  pair  for  which  Hoogsteen,  Reverse  Hoogsteen,  Watson  Crick  and  Reverse 
Watson Crick hydrogen bond types are available.  These conformations are illustrated in 
Figure 8.4. 
 
   
Figure 8.4. The four types of base pairing for the adenine and thymine combination.  (a) Reverse 
Hoogsten (b) Hoogsten (c) Reverse Watson-Crick (d) Watson Crick. 
The adenine thymine search was constructed by defining two groups, to represent the base 
pairing regions between adenine and thymine (Figure 8.5). The intermolecular contacts 
were defined as being the distances between the closest atoms and not the centroid of the 
group.  The search was restricted to include only structures where the 3D coordinates were 
reported, there was no disorder, no errors, the structures were not polymeric, there were no 
ions or powder structures and the structures were only organic. This search returned 18 hits 
and these were input into dSNAP and the dendrogram shown in Figure 8.6 was obtained.  
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Eleven clusters were obtained, six of which contained only one hit, and each of these could 
be explained in terms of the hydrogen-bonding motif. 
 
 
 
Figure 8.5. The group of atoms on the thymine molecule are circled in red and the group of atoms on 
the adenine molecules are circled in blue.  Close contacts were defined as the distance between nearest 
atoms. 
 
Figure 8.6. Dendrogram obtained from the dSNAP program for the adenine and thymine CSD search. 
Another way to visualise and assess the reliability of the clustering is through an MMDS 
plot.  Good clustering is indicated by tightly spaced groupings of each of the hits into their 
respective clusters, and good separation of the clusters from one another.  Figure 8.7 shows 
the MMDS plot for the clustering of the adenine and thymine complexes and it clearly 
shows good clustering of the hits. The yellow, green and red hits are very closely related 
but increasing the cut level to enable them to be clustered together resulted in merging of a 
large number of other clusters and thus they were kept separate.   
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Figure 8.7. MMDS plot of the clustering of adenine and thymine base pairs obtained from the dSNAP 
program. 
8.3.1 Clustering of Adenine Thymine Base Pairs 
 
The clustering of hits using dSNAP effectively separates the fragments into clusters based 
upon the different types of base pairing.  A summary of the clustering is given in Table 8.1.  
Table 8.1 – Hydrogen bonding motifs in the dSNAP analysis of adenine thymine base 
pairs. 
Cluster  Colour  Description  No. of Fragments 
A  Red  Reverse Hoogsteen  1 
B  Yellow  Reverse Hoogsteen  1 
C  Green  Reverse Hoogsteen  2 
D  Cyan  Hoogsteen  8 
E  Blue  Edge to Edge Stacking Interactions  1 
F  Pink  Hoogsteen plus single hydrogen 
bond 
2 
G  Orange Striped  Watson Crick  8 
H  Green Striped  Reverse Watson Crick  7 
I  Cyan Striped  N5 to O2 hydrogen bond and 
reverse Hoogsteen 
1 
J  Blue Striped  Water and reverse Watson Crick  1 
K  Purple Striped  Contains short contacts between 
plains, reverse Watson Crick and 
Hoogsteen 
1 
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8.3.1.1 Analysis of the Red, Yellow and Green Clusters 
The red and yellow clusters contain only one hit each and the green cluster contains two 
hits.  All three of these clusters are located close to one another in the MMDS plot and 
correspond  to  the  reverse  Hoogsteen  hydrogen-bonding  motif  and  thus  might  be 
considered to be better described within a single cluster.  However, adjusting the cut level 
resulted in the merging of other clusters, which do not fit well with one another.  The cut 
level was therefore left such that these three hits lie in separate clusters. 
The red and yellow clusters are different fragments from the same structure (ADRBFT10 
[142]) with two independent reverse Hoogsteen hydrogen-bonding motifs (Figure 8.8). The 
hydrogen bond distances are significantly different in each of the base pairings (Table 8.2) 
and thus results in the placement of these units into separate clusters.  The dSNAP analysis 
therefore appears to be sufficiently sensitive to both the orientation of the bases relative to 
one another and hence the hydrogen bonding motif, but also the strength of the hydrogen 
bonds.  This difference in hydrogen bonds and the classification into two clusters may also 
be due to the quality of the data as the model for ADRBFT10 has an R-value of 22%. If the 
quality of the data was improved, then it might be expected that these two units would 
group into a single cluster. 
 
 
Figure 8.8. Reverse Hoogsteen hydrogen bonding motif in the red and yellow clusters [ADRBFT10] 
[142].  
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Table 8.2. Hydrogen bond distances between the base pairs in the red, yellow and 
green clusters. 
Hydrogen Bond  Yellow  Red  Green 
CSD REFCODE  ADRBFT10 
[142] 
ADRBFT10 
[142] 
KECYUN 
[143] 
MTYDAP 
[144] 
N···O (Å)  3.126  3.214  2.971  2.985 
N···N (Å)  2.792  2.754  2.886  2.878 
 
Both hits in the green cluster also exhibit the reverse Hoogsteen base pairing motif (Figure 
8.9).  However, the intermolecular hydrogen bond distances in these hits are significantly 
different than those found in the yellow and red clusters; the two hydrogen bond distances 
are much more symmetrical.  This explains the clustering of the two hits into the green 
cluster  whilst  the  close  grouping  of  the  clusters  in  the  MMDS  plot  is  likely  to  be  a 
consequence of the similar reverse Hoogsteen hydrogen bonding base pair motif. 
    
 
Figure 8.9. The reverse Hoogsteen base pair motifs of the hits in the green cluster. KECYUN (left) and 
MTYDAP (right). 
The base pair in the red cluster contains a slight buckling of the base pair motif with a 
slight propeller twist in the bonding motif. This was calculated using a plane along the 
planar ring part of each molecule individually and then comparing the orientation of each 
plane to calculate the angle between the two molecules. The buckling and propeller twist 
combine to produce an angle of roughly 5° between the two planes of the base pair. This is 
a very small effect. The base pair in the yellow cluster contains no propeller twist and only 
shows a buckling, which is of approximately 5°.  
The first hit of the green cluster (KECYUN [143]) does not contain any propeller twist or 
buckling. The second hit of the green cluster (MTYDAP [144]) does contain a significant 
propeller twist and no buckling (Figure 8.10). The propeller twist is approximately 7° in  
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this case. Within the green cluster, the overriding factor for the clustering must be the 
hydrogen bonding and the clustering is not sensitive to this level of twisting. 
 
 
Figure 8.10. Propeller twist in the MTYDAP [144] hit of the green cluster of the adenine thymine 
dSNAP analysis. 
8.3.1.2 Analysis of the Cyan Cluster 
 
The Cyan cluster is the only cluster that contains solely the standard  Hoogsteen base-
pairing motif and all eight hits contain this motif (Figure 8.11). There is some variation in 
the  hydrogen  bonding  distances,  although  in  this  case  it  does  not  affect  the  clustering 
(Table 8.3).  This may support the premise that the hydrogen bond distances did not have 
the most significant effect on the clustering for the red and yellow clusters, their separation 
being  more  a  consequence  of  the  data  quality.    The  clustering  again  appears  to  be 
insensitive to propeller twist and buckling. 
 
Figure 8.11. Primary hydrogen bonding motif exhibited by all members of the cyan cluster illustrated 
by ETABFU [148]. 
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Table 8.3. Hydrogen bond distances between the base pairs in the cyan cluster.  
Hydrogen Bond  N···O (Å)  N···N (Å)  Buckling or Propeller Twisting 
EADBAC [145]  3.125  2.807  Both 
EADBAR10 [146]  3.387  2.826  Both 
QEDFEK [147]  3.313  2.825  Neither 
ETABFU [148]  2.969  2.780  Propeller Twisting 
MTHMAD [149]  2.846  2.924  Neither 
IMUEAD [150]  3.062  2.820  Buckling 
MIUDAP10 [151]  2.979  2.825  Buckling 
MBUMAD10 
[152] 
2.974  2.862  Propeller Twisting 
 
8.3.1.3 Analysis of the blue, green striped and orange clusters 
 
Whilst the blue and green striped clusters both show the reverse Watson-Crick primary 
hydrogen bonding motif, they are well separated from one another in the dendrogram. The 
blue cluster has only one hit (BARAAD [153]); however, this molecule is symmetrical and 
so there are three fragments arising from this unit - the second fragment appears in the 
green striped cluster and the third in the orange striped (Figure 8.13). The fragment in the 
blue  cluster  is  separated  on  its  own  due  to  this  hit  being  characterised  by  distances 
corresponding to stacking interactions between the two faces of the adenine and thymine 
molecules (Figure 8.12, left). This is a clear reason for the separation as there are other 
clusters  with  stacking  interactions  with  different  atoms  involved.  There  are  two  base 
pairing motifs in the BARAAD [153] structure, and thus this fragment is placed within the 
green striped cluster for the reverse Watson-Crick motif (Figure 8.12, right) and also the 
orange striped cluster with a Watson-Crick motif. The final fragment from this hit is placed 
in  the  blue  cluster,  which  represents  the  stacking  interactions  that  are  present  in  the 
structure between the defined faces of the starting molecules. 
 
 
Figure 8.12. BARAAD [153] appearance in the blue and green striped clusters. Left, unit in the blue 
cluster showing stacking interactions and right, unit in the green striped cluster showing the reverse 
Watson Crick motif.  
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All  seven  fragments  in  the  green  striped  cluster  show  the  reverse  Watson  Crick  base-
pairing motif. However, not all of the structures show the three hydrogen bonds normally 
associated with this motif. The only hydrogen bond present in all of the structures is the N-
H···N hydrogen bond in the middle of the three. Therefore, the determining factor for this 
cluster is the presence of the middle hydrogen bond when the molecules are in a position to 
form a reverse Watson-Crick bonding motif. Once again the effects of the buckling and 
propeller twisting are too subtle for any real influence on the clustering. 
Table 8.4. Hydrogen bond distances for the reverse Watson-Crick primary hydrogen 
bonding motif of the blue and green striped clusters. 
Hydrogen Bond  N···O (Å) 
 (thymine to 
adenine) 
N···N (Å) 
(thymine to 
adenine) 
N···O (Å) 
(thymine to 
adenine) 
Buckling or 
Propeller 
Twisting 
BARAAD_03 
[153] 
2.965  2.800  N/A  Propeller 
Twisting 
BURBAD [157]  3.056  2.849  N/A  Propeller 
Twisting 
CETQUO [156]  3.090  2.797  N/A  Buckling  and 
Propeller 
Twisting 
FUJDET [157]  2.955  2.859  N/A  Propeller 
Twisting 
IMUEAD [150]  3.156  2.802  N/A  Buckling  and 
Propeller 
Twisting 
MIUDAP10 [151] 
 
2.917  2.909  2.872  Buckling 
EBPETY [159] 
 
3.017  2.943  2.868  Buckling 
The N···O distances were distinguished by taking the first one as being on the same side as the double 
bond in the 5 membered ring of the adenine molecule. 
 
Figure 8.13. Primary hydrogen bonding motif exhibited by all members of the green striped cluster 
illustrated by CETQUO [156].  
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8.3.1.3 Analysis of the Pink Cluster 
 
Both the hits within the pink cluster show the  Hoogsteen base pair  and therefore also 
appear in the cyan cluster. However there is an additional single hydrogen bond between 
one of the oxygen molecules of the thymine unit and the amine group of the adenine unit in 
both (Figure 8.14). This is the only other intermolecular hydrogen bond between the two 
defined areas so must be the reason for this distinct cluster (Table 8.5).  This cluster is not 
defined by a base pair and thus will not show propeller twisting or buckling. 
Table 8.5. Hydrogen bond distance of single hydrogen bond between the adenine and 
thymine in pink cluster 
Bond  ETABFU [148]  MTHMAD [149] 
N···O (Å)  2.973  2.881 
 
 
 
Figure 8.14. Single hydrogen bond between adenine and thymine in the pink cluster illustrated by 
ETABFU [148]. 
8.2.1.4 Analysis of Orange Striped Cluster 
 
 
Figure 8.15. Primary bonding motif exhibited by all members of the orange striped cluster illustrated 
by EBPMUR [155].  
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Table  8.6.  Hydrogen  bond  distances  in  the  Watson  Crick  base  pair  between  the 
adenine and thymine in orange striped cluster. 
Hydrogen Bond  O···H-N  
(Å) 
N···H-N  
(Å) 
O···H-N  
(Å) 
Buckling or Propeller 
Twisting 
BARAAD_02 
[153] 
3.195  2.780  N/A  Propeller Twisting and 
Buckling 
EADBAR10 [146]  3.218  2.832  N/A  Buckling 
QEDFEK [147]  3.313  2.825  3.339  Buckling 
EADBAC [145]  3.339  2.790  N/A  Buckling and Propeller 
Twisting 
DETVAA_01 
[154] 
2.924  2.859  N/A  Propeller Twisting 
DETVAA_02 
[154] 
2.919  2.903  N/A  Propeller Twisting 
MTYDAP [144]  2.990  2.987  2.888  Buckling and Propeller 
Twisting 
EBPMUR [155]  2.853  2.952  2.977  Neither 
 
All eight fragments in the orange striped cluster form the standard Watson Crick base 
pairing. These structures are related as they all contain a single hydrogen bond from the 
pyrimindine base to the purine base from one of the protonated nitrogen atoms in the ring 
of the pyrimidine base to the non-protonated nitrogen of the next to the amine group of the 
purine base (Figure 8.15). The bases are positioned correctly for a Watson-Crick bonding 
motif, however, it becomes difficult to calculate distances for these due to the poor quality 
of several of the structures and as a result the hydrogen atoms not being defined. Of the 
eight hits in this cluster, there are only five that have the hydrogen atoms recorded but the 
dSNAP program uses the heavy atoms to calculate the differences and so clusters them 
independently of the location of the hydrogen atoms. BARAAD [153] has been seen in 
several clusters and this is its third appearance. 
Two structures that contain only buckling (EADBAR10 [146] and QEDFEK [147], are 
more similar (indicated by the level of the tie bar connecting the two in the dendrogram) as 
are the two different hits from the one structure (DETVAA [154]) that both have a slight 
propeller twist present.   
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8.3.1.6 Analysis of Cyan Striped, Blue Striped and Purple Striped Clusters 
 
There are three hits that are on their own at the right hand side of the dendrogram and these 
have been separated for very good reasons. The cyan striped structure contains some single 
hydrogen  bonds  between  the  two  defined  faces  (the  defined  areas  of  the  two  starting 
molecules in the set up of the analysis) of the adenine and thymine(KECYUN [143]). This 
structure  also  appears  in  the  green  cluster,  but  makes  a  second  appearance  due  to  the 
presence of a single hydrogen bond between the amine group of the purine base and one of 
the oxygen atoms of the pyrimidine base (Figure 8.16). This hydrogen bond is of moderate 
strength and has an N···O distance of 2.932 Å. This cluster is on its own as it is the only 
structure that contains this single hydrogen bond between the two bases. This bond acts as 
a link between separate base pair motifs in a chain in the structure. 
   
 
Figure 8.16. The single hydrogen bond in the cyan striped (KECYUN [143]) that extends base paired 
units into a chain. 
The next cluster that contains a single hit is the blue striped cluster (FUJDET [157]) that 
results from offset base stacking interactions between the two defined faces of the starting 
molecules (Figure 8,17). These base stacking interactions are of length of approximately 
3.2 Å.  
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Figure 8.17. Base stacking interactions between the defined areas of the starting molecules in the blue 
striped cluster (FUJDET [157]). 
The  KECYUN  [143]  structure  appears  in  the  green  cluster  as  it  also  has  a  reverse 
Hoogsteen base pairing motif. The only other connection between the two defined regions 
is the edge to edge stacking interactions that are present between parallel layers in this hit. 
The interactions here are between one of the oxygen atoms of the thymine and the carbon 
in between the two nitrogen atoms of the six membered ring of the adenine (3.177 Å). The 
other interaction is between the nitrogen of the adenine next to the amine group and the 
carbon directly bonded to the previously mentioned oxygen of the thymine (3.242 Å).  This 
is the not only structure that was clustered according to stacking interactions between the 
two defined faces. 
The final cluster that contains only one hit is the purple striped cluster (MIUDAP10 [151]). 
This structure is the other structure that contains base stacking interactions between the 
two defined faces (Figure 8.18). The difference between this cluster and the previous is the 
area involved in the interactions. The first base stacking interaction (1 in Figure 8.18) in 
this structure is between the one of the carbon atoms of the thymine bonded to an oxygen 
atom and the nitrogen in between the two amine groups of the adenine molecule (3.233 Å). 
The second interaction (2) is between the other carbon atom that is bonded to an oxygen 
atom of the thymine and one of the amine groups of the adenine group (3.509 Å).  
 
Figure 8.18. Base stacking interactions between the defined areas of the starting molecules in the 
purple striped cluster (MIUDAP10 [151]).  
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dSNAP has been shown to be very effective at clustering adenine and thymine fragments 
according to their base pairing classification.  It has not shown the ability to distinguish 
different levels of propeller twisting and buckling from one another; this affect may be too 
subtle in the presence of the dominant hydrogen bonding motifs. 
8.4 dSNAP Study of Cytosine and Guanine Base Pairing 
 
8.4.1 Construction of the Search 
 
The cytosine and guanine search was conducted in a similar manner to that of the adenine 
thymine survey with the hydrogen bonding groups of both molecules defined (Figure 8.19) 
in the Conquest program [172].  This resulted in nine hits. 
 
Figure 8.19. Defined contacts used for search in the CSD between cytosine and guanine molecules. 
The  solubility  characteristics  of  both  cytosine  and  guanine  may  be  the  reason  for  the 
restricted number of hits found in the CSD. Cytosine is very soluble in methanol and water 
and guanine is nearly insoluble in these two solvents. The fact that there is no reported 
molecular complex of cytosine and guanine may indicate how difficult it can be to obtain 
these structures in a complex. 
The  similarity  level  calculated  by  the  dSNAP  program  led  to  five  clusters  with  three 
clusters only containing one hit (Figure 8.20).  The MMDS plot clearly shows that the 
yellow hit should be included in the red cluster (Figure 8.21) which is also indicated by the 
close proximity of the tie bar connecting the yellow and red clusters and the cut level.  The 
cut level was therefore decreased to create a single cluster generated from a merging of the 
red and yellow clusters.   
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Figure 8.20. Dendrogram obtained from the dSNAP program when with the automatic cut level for 
cytosine and guanine fragments. 
 
 
Figure 8.21. MMDS plot of results obtained from the dSNAP program using the calculated cut level 
for the cytosine guanine hydrogen bonded fragments.  
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Figure 8.22. Dendrogram with adjusted cut level to move one hit into the red cluster. 
After the adjustment of the cut level, four clusters were obtained with two clusters only 
containing one hit.  
8.4.2 Analysis of the Red Cluster 
 
The  red  cluster  contains  base  pair  motifs  of  a  standard  Watson-Crick  bonding  motif 
between  cytosine  and  guanine.  This  is  made  up  of  three  hydrogen  bonds  between  the 
cytosine and guanine molecules (Figure 8.23). 
 
Figure 8.23. Primary hydrogen bonding motif exhibited by all members of the red cluster illustrated 
by BUDWAY10 [160].  
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Table 8.7. Bond distances of hydrogen bonds for the base pair between the cytosine 
and guanine in the red cluster. Going down column one represents going from left to 
right in the cluster 
Bond  H-N---O (Å)  N---H-N  (Å)  O---H-N  (Å) 
1.  BUDWAY10 [160]  2.800  2.938  2.982 
2.  EGMCYT10 [161]  2.806  2.924  2.943 
3.  MILFAP [162]  2.942  2.947  2.867 
4.  DIBMEG [162]  2.788  2.915  2.921 
5.  EGMFCY [131]  2.822  2.942  2.964 
 
There is a large degree of variation in the hydrogen bond distances as the shortest distance 
is not always in the same position in the fragment. The main driving force behind the 
formation of this cluster is therefore the hydrogen bonding motif as all of the structures 
show Watson-Crick pairing which is the naturally occurring bonding motif between these 
two.  This is also the most common hydrogen bonding motif found in the CSD between 
guanine and cytosine units. 
8.4.3 Analysis of Remaining Clusters 
 
The fragment in the yellow cluster (MILFAP [162]) is also found in the red cluster.  The 
reason for this being clustered on its own is therefore a second single hydrogen bond that is 
not seen in any other cluster. This single hydrogen bond is between the amine group of the 
cytosine molecule and one of the nitrogen atoms in the five membered ring of the guanine 
molecule (Figure 8.24).  
 
 
Figure 8.24. Single hydrogen bond giving rise to the yellow cluster MILFAP [162].  
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Figure 8.25. Similar hydrogen bonding motif in the hit from the green cluster; BUDWAY10 [160], left 
and the two members of the cyan cluster, middle EGMCYT10 [161] and right MILFAP [162]. 
The  last  remaining  cluster  that  contains  more  than  one  hit  is  the  cyan  cluster.  These 
fragments also occur within the red cluster. The reason the fragments cluster into a second 
grouping is because of single hydrogen bonds that connect Watson Crick units of cytosine 
and guanine together (Figure 8.25). In each case the link between cytosine and guanine is 
between the amine group of the cytosine and the oxygen atom of the guanine. 
The green cluster has single hydrogen bonds that are very similar to those found in the 
cyan  structure  with  a  slightly  different  orientation  (Figure  8.25,  left).  This  hit  may 
therefore be better included in the cyan cluster. This means that the threshold line would be 
best adjusted to include the green cluster in the cyan cluster resulting in three clusters 
(Figure 8.26). After the adjustment of the threshold line the most sensible dendrogram has 
been gained that is made up of three clusters with one cluster containing only one hit. This 
clustering does make sense but this may require more hits to test the interpretation of the 
clustering further. 
 
 
 
Figure 8.26. Dendrogram after second movement of the similarity cut-off to incorporate the cyan and 
green clusters into one green cluster.  
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8.5 CSD Survey of Cytosine Base Pairing 
 
A search of the CSD was undertaken to identify the common hydrogen bonding motifs 
previously reported for the cytosine molecule.  The search was restricted to include only 
cytosine and protonated cytosine molecules and no cytosine derivatives. All of the bonds 
within the cytosine molecule were defined as any bond type (Figure 8.27) to ensure that 
those showing hydrogen transfer were also included in the survey. Any hits corresponding 
to cytosine derivatives were omitted from the search results manually.  This left 53 hits. 
The results from the CSD are compared with the molecular complexes reported in this 
thesis. 
  
Figure 8.27. Search fragment defined for cytosine molecular complexes in the CSD. 
8.5.1 Analysis of the Hydrogen Bonding Patterns Found in the CSD 
 
The first criteria for classifying the cytosine based molecular complexes contained within 
the CSD is whether or not hydrogen transfer to a cytosine has occurred creating a charged 
cytosinium molecule. The transfer of a hydrogen atom can have a profound affect on the 
hydrogen bonding that materialises in the structure. Of the 53 hits found in the CSD, 31 of 
these  had  100%  charged  cytosinium  molecules,  15  showed  both  neutral  and  charged 
cytosine  molecules  and  7  contained  only  neutral  cytosine  molecules  in  the  molecular 
complexes. 32 cytosine molecular complexes are reported in this thesis; of these 13 of 
these had 100% charged cytosine molecules, 11 showed both neutral and charged cytosine 
molecules and 8 contained only neutral cytosine molecules in the molecular complexes. 
The relative occurrence of each of these is thus consistent between those contained within 
the CSD and those reported in this thesis. 
8.5.2.1 Protonated Cytosine Molecules Only 
 
The  presence  of  only  protonated  cytosine  molecules  restricts  the  possible  hydrogen 
bonding  patterns  available.  From  the  CSD,  there  are  31  hits  that  have  total  hydrogen 
transfer.  There  is  no  occurrence  of  the  pseudo-Watson-Crick  motif  or  of  the  type  A 
hydrogen bonding motif. The type B hydrogen bonding motif is present in four of the  
333 
structures. However, the most prominent hydrogen bonding motif is the hydrogen-bonded 
heterodimer ring with 15 of the structures exhibiting it. The remaining structures exhibit no 
primary bonding motif (13 structures). 
 
Figure 8.28. Heterodimer hydrogen bonded ring formed once a hydrogen atom is transferred to the 
cytosine molecule illustrated by CASCIJ [173]. 
15 of the 33 CSD hits show a hydrogen bonded heterodimer (Figure 8.28). All 13 of the 
molecular complexes that exhibit total hydrogen transfer reported in this thesis show these 
hydrogen-bonded  heterodimers.  This  hydrogen  bonding  motif  is  therefore  the  most 
commonly occurring hydrogen bonding motif. The type B hydrogen-bonding motif is able 
to form concurrently with that of the hydrogen bonded heterodimer or with the type A and 
pseudo-Watson-Crick.  However, 13 molecular complexes in the CSD do not show any of 
these hydrogen-bonding motifs.  
In conclusion, the primary hydrogen bonding motif for a molecular complex containing 
only protonated cytosinium molecules is the formation of hydrogen-bonded heterodimers 
with the possibility of a secondary hydrogen bonding motif in the form of a type B bonding 
motif also occurring.  
Table  8.8.  The  hydrogen  bonding  motifs  found  in  charged  cytosine  molecular 
complexes. 
  Total 
Number 
with Total 
Hydrogen 
Transfer 
Number 
containing 
pseudo-
Watson-
Crick 
Number 
containing 
Type A 
Number 
containing 
type B 
Number 
containing 
hydrogen-
bonded 
ring 
Number 
in CSD 
31  0  0  4  15 
Number 
in Thesis 
13  0  0  3  13 
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8.5.2.2. Mixed Charge Cytosine Molecular Complexes 
 
In this group, there is hydrogen transfer to the unprotonated ring nitrogen of a cytosine 
molecule, but this protonated molecule coexists alongside neutral cytosine molecules. The 
pseudo-Watson-Crick hydrogen-bonding motif is therefore possible (Figure 8.29).  
 
Figure 8.29. Pseudo-Watson-Crick base pair which can only be formed in the presence of both neutral 
and protonated cytosine molecules shown by CYTZNC [174]. 
All 15 structures found in the CSD which contain both protonated and neutral cytosine 
molecules display the pseudo-Watson-Crick hydrogen-bonding motif. Out of these, this is 
the only motif found in 10 of these complexes and 5 contain the type B hydrogen bonding 
motif in addition, this pattern is also found when considering the structures reported in this 
thesis; all 11 structures show this pseudo-Watson Crick hydrogen bonding motif. Three 
complexes also show the type B hydrogen bonding motif but the majority form hydrogen 
bonded chains of pseudo Watson Crick dimers connected through pairs of single hydrogen 
bonds (Figure 8.30). This is a common occurrence for structures that contain a pseudo-
Watson-Crick  motif.  The  hydrogen  bonded  ring  motif  appears  in  one  structure  (4-
hydroxybenzoic acid and cytosine), however, this is uncommon and the hydrogen bonded 
ring motif terminates the extended pseudo-Watson-Crick chain from forming. 
 
Figure 8.30. Pseudo-Watson-Crick base pairs linked via type B bonding motifs represented by 
CYTRES10 [169].  
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Figure 8.31. Two hydrogen atoms present either side of an inversion centre with each having an 
occupancy factor of 0.5 represented by ODICOU [163]. 
One  compound  of  interest  (ODICOU)  is  cytosinium  cytosine  7,7,8,8-
tetracyanoquinodimethane[163].  In  the  literature  the  hydrogen  bond  within  the  central 
hydrogen  bond  is  found  to  be  disordered  over  two  positions.  This  is  also  found  in 
TAZXAU [164], TAZXEY [164], and LIWSIU [165].  
Table  8.9. The  number  of  structures  in  the  CSD  and  this  thesis  that  show  mixed 
cytosine  and  cytosinium  molecular  complexes  and  the  hydrogen  bonding  motifs 
found. 
  Total 
Number 
with Partial 
Hydrogen 
Transfer 
Number 
containing 
pseudo-
Watson-
Crick 
Number 
containing 
Type A 
Number 
containing 
type B 
Number 
containing 
hydrogen-
bonded 
ring 
Number 
in the 
CSD 
15  15  0  5  0 
Number 
in thesis 
11  11  0  3  1 
 
The CSD results shows the dominance of the pseudo-Watson-Crick bonding motif, which 
is present in all of the structures. The only other primary bonding motif seen is the type B 
bonding motif and it does not use the same face of the cytosine as the pseudo-Watson-
Crick and so this forms as a secondary bonding motif. The type B bonding motif results in 
the formation of extended cytosine chains. 
8.5.2.3 Neutral Cytosine Molecules Only 
 
In  the  CSD,  there  are  seven  molecular  complexes  involving  just  pure  cytosine  (not 
including 5-fluorocytosine) that do not contain any hydrogen transfer. This means that the 
structures  are  not  capable  of  forming  the  three  hydrogen  bonds  required  to  make  the 
pseudo-Watson-Crick and as a result this bonding motif is not seen in any of the structures. 
These structures are capable of forming the type A, type B, type C and heterodimer motifs.  
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The structures in this group do not show a predominance of any of the hydrogen bonding 
motifs reported in this thesis. Only one molecular complex shows the type B hydrogen-
bonding motif. Two structures do not exhibit any primary hydrogen bonding motifs, but 
both of these are metal complexes, and the first has a protonated amine group (BADFOC 
[166] and CYTSCA [167]). The remaining four structures all form a different hydrogen 
bonding motif which is a hybrid of the type A and B bonding motifs, type C (Figure 8.32).  
 
Figure 8.32. Type C hydrogen bonding motif found in several of the CSD examples illustrated by 
CYTOSM [170]. 
Table  8.10.  Number  of  structures  from  CSD  and  thesis  that  contain  no  hydrogen 
transfer and the hydrogen bonding motifs found 
  Total 
number 
with no H 
transfer 
Number 
containing 
pseudo-
Watson-
Crick 
Number 
containing 
type A 
Number 
containing 
type B 
Number 
containing 
hydrogen-
bonded 
ring 
Number 
in CSD 
7  0  0  1  0 
Number 
in thesis 
8  0  7  8  1 
 
The structures reported in this thesis show a dominance of the type A and B hydrogen 
bonding  motifs  with  only  one  structure  showing  the  hydrogen  bonded  ring  motif  (5-
fluorocytosine  and  4-hydroxybenzoic  acid).  However,  the  CSD  searches  show  no  such 
dominance but show a different hydrogen bonding motif, a hybrid of the type A and B 
bonding motifs, type C, which appears in four out of the seven structures. 
8.5.3. Summary 
 
The most common state for the cytosine based on the molecular complexes found both 
within the CSD and this thesis is the fully protonated form with 45% of the structures in 
this thesis and 58% of the structures in the CSD (Table 8.11) showing the fully protonated 
cytosine  molecule  (Figure  8.33)  with  no  neutral  cytosine  molecule.    The  next  most 
common is the mixed neutral and protonated cytosine species. Neutral complexes are the 
less frequently reported.  
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Table 8.11. Comparison of the prevalence of hydrogen transfer in the CSD and thesis 
structures. 
  CSD – number 
of structures 
CSD % of 
total number 
of results 
Thesis – 
number of 
structures 
Thesis 
structures - % 
of total 
Protonated 
cytosine 
31  58  13  41 
Mixed 
protonated 
and neutral 
cytosine 
15  28  11  34 
Neutral 
cytosine 
7  14  8  25 
 
 
Figure 8.33. Most common state for a cytosine molecule to exist in the CSD represented by ADALAS 
[171]. 
The  hydrogen  bonding  motifs  found  in  these  molecular  complexes  are  thus  heavily 
dependent on the level of hydrogen transfer. More than one bonding motif was found to 
occur within the same complex, but one dominates and the other acts as a connecting bond. 
The most common connecting unit is the type B hydrogen-bonding motif. Type B is the 
only hydrogen-bonding motif that can occur in the presence of other motifs.  
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Table 8.12. Comparison of the prevalence of the hydrogen bonding motif in the CSD 
and thesis structures. 
  CSD 
structures – 
number 
showing 
bonding motif 
% of 
structures 
showing 
bonding motif 
in CSD 
Thesis 
structures – 
number 
showing 
bonding motif 
% of 
structures 
showing 
bonding motif 
in thesis  
pseudo-
Watson-Crick 
15  29  11  34 
Type A  0  0  7  21 
Type B  10  20  14  43 
Hydrogen-
bonded 
heterodimer 
15  29  15  47 
Alternative 
hydrogen 
bonding motif 
15  29  0  0 
 
In  the  CSD  structures,  the  relative  occurrence  of  the  five  different  hydrogen-bonding 
motifs is very similar. The structures reported in this thesis show only the three different 
types and the most common hydrogen-bonding motif is the hydrogen-bonded heterodimer. 
The pseudo-Watson-Crick and type A and B bonding motifs occur in approximately equal 
amounts.  
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9. Conclusions 
A  diverse  range  of  molecular  complexes  of  nucleobases,  primarily  cytosine  and  5-
fluorocytosine  have  been  generated.  Some  common  hydrogen  bonding  motifs  were 
apparent and these are primarily influenced by the level of proton transfer in the molecular 
complexes.  The effect of fluorinating both the nucleobase and the co-molecule has been 
examined and found not to disrupt the base pairing motifs, rather affecting the more subtle, 
weaker intermolecular interactions.  In some cases, these intermolecular interactions only 
introduced a small change in the global packing while in other cases, the crystal packing 
completely changed on fluorination of one or both components. 
9.1. Molecular Complexes of Cytosine and 5-Fluorocytosine 
 
The nucleobase cytosine and its fluorinated equivalent 5-fluorocytosine both contain an 
unprotonated N atom in the heterocyclic ring.  This nitrogen is capable of accepting a 
hydrogen atom transferred from an acid co-molecule during molecular complex formation.  
Uracil and 5-fluorouracil do not contain an unprotonated heteroatom and so their molecular 
complexes are not influenced by proton transfer effects. 
9.1.1 pKa Matching 
 
The   pKa  values  have,  in  general,  provided  a  good  rationale  for  explanation  of  the 
hydrogen  transfer  effects  resulting  from  the  co-crystallisation  attempts  between  the 
nucleobases and their co-crystallisations with acids.  The ratio of crystallisation and the 
presence  of  water  have  also  been  seen  to  have  an  effect  on  the  hydrogen  transfer.  In 
general,  cytosine  molecular  complexes  showing  fully  charged  species  resulted  in  1:1 
molecular  complexes.    Those  that  crystallised  in  a  2:1  cytosine  to  co-molecule  ratio 
showed only partial hydrogen transfer. 
The molecular complexes reported in this thesis can be broadly split into three categories 
when referring to pKa matching: 1:1 ratio, not 1:1 ratio, and hydrates or solvates. 
9.1.1.1 1:1 Ratio 
 
Within the class of 1:1 molecular complexes, all three proton transfer classes are obtained: 
100%, partial and no proton transfer, and the molecular complexes obtained follow the pKa 
rules suggested by Childs et al (Section 1.6) [49]. The three molecular complexes that  
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show no hydrogen transfer (5-fluorocytosine with benzoic acid, 2-fluorobenzoic acid and 
4-hydroxybenzoic acid) all have a  pKa value of less than 0 (Table 9.1).  
The  remaining  eight  structures  all  have   pKa values  falling  into  the  continuum  region 
where it is difficult to predict whether or not proton transfer will occur. The majority of 
these show total proton transfer to the cytosine/5-fluorocytosine molecule. Of the two that 
show  only  partial  proton  transfer,  the  5-fluorocytosine  and  3,5-dinitrobenzoic  acid 
molecular complex shows disordered hydrogen atoms.  
Table 9.1  pKa values for the cytosine or 5-fluorocytosine molecular complexes that 
resulted in a 1:1 molecular complex ratio 
Molecular Complex   pKa  Proton Transfer 
Cytosinium 3-Fluorobenzoate  0.74  Total 
Cytosinium Salicylicate  1.62  Total 
Cytosinium 5-Fluorosalicylate  1.92  Total 
5-Fluorocytosium 2,6-Dihydroxybenzoate Form I  1.96  Total 
5-Fluorocytosinium 2,6-Dihydroxybenzoate Form II  1.96  Total 
Cytosine and Benzoic Acid  0.396  Partial 
5-Fluorocytosine and 3,5-Dinitrobenzoic Acid  0.76  Partial 
5-Fluorocytosine and Benzoic Acid  -0.944  None 
5-Fluorocytosine and 2-Fluorobenzoic Acid  -0.01  None 
5-Fluorocytosine and 4-Hydroxybenzoic Acid  -1.31  None 
Salicylic acid and 5-Fluorocytosine  0.28  Total 
 
9.1.1.2 Anhydrous Non 1:1 Ratio Molecular Complexes 
 
The next group of molecular complexes are those that form in a non 1:1 stoichiometric 
ratio and do not contain any solvent molecules. All three of the molecular complexes in 
this class crystallise in a 2:1 ratio of cytosine to co-molecule and show only partial proton 
transfer, except for the 3-hydroxybenzoic acid and 5-fluorocytosine structure that shows no 
hydrogen transfer. As shown in Section 1.6 the crystallisation ratio of the product can have 
an effect on how applicable the  pKa values are on the predictability of hydrogen transfer.  
In the case of two of these molecular complexes, the  pKa values fall within the region 
between 0 and 3 making it difficult to predict the level of proton transfer.  The presence of 
both charged and neutral species in these complexes is consistent with this. The remaining 
structure has a  pKa value of –0.82 which would mean hydrogen transfer is unfavourable 
and there is no hydrogen transfer exhibited.  
341 
Table 9.2  pKa values for the cytosine or 5-fluorocytosine molecular complexes not in 
1:1 ratio and containing no solvent 
Molecular Complex   pKa  Proton Transfer 
Cytosine and 2-nitrobenzoic acid  2.44  Partial 
Cytosine and 3-bromobenzoic acid  0.79  Partial 
3-hydroxybenzoic acid and 5-Fluorocytosine  -0.82  None 
 
9.1.1.3 Molecular Complexes Containing Solvent Molecules 
 
The final class of structures are those complexes that contain solvent. The most common 
solvent to appear in the structures was the water molecule.  All three levels of protonation 
state are found in complexes in this class.   
Table 9.3  pKa values for the cytosine or 5-fluorocytosine molecular complexes not in 
1:1 ratio but containing solvent 
Molecular Complex   pKa  Proton Transfer 
Cytosinium and 3-Hydroxybenzoate 
Hemihydrate 
0.52  Total 
Cytosinium 2,4-Dihydroxybenzoate Hydrate 
Form I and II 
1.49  Total 
5-Fluorocytosinium 3,5-Dihydroxybenzoate 
Hydrate 
-0.78  Total 
Cytosinium 3,5-Dihydroxybenzoate Hydrate  0.56  Total 
Cytosinium Nicotinate Monohydrate  2.6  Total 
Cytosinium 2,4,6-trimethylbenzoate 
monohydrate 
1.17  Total 
Cytosine and 2-Fluorobenzoic acid Hydrate  1.33  Partial 
Cytosine and 4-Fluorobenzoic acid Hydrate  0.45  Partial 
5-Fluorocytosine and 5-Fluorosalicylic Acid 
Hydrate 
0.58  Partial 
Cytosine and 5-Fluorosalicylic Acid Hydrate  1.92  Partial 
Cytosine and 4-Hydroxybenzoic Acid Hydrate  0.03  Partial 
Cytosine and 2,6-Dihydroxybenzoic Acid 
Hydrate 
3.30  Partial 
Cytosine and Isonicotinic acid Hydrate  2.83  Partial 
5-fluorocytosine and 3-fluorobenzoic acid  -0.600  None 
5-fluorocytosine and 4-fluorobenzoic acid  -0.890  None 
 
In general, the  pKa values for the molecular complexes in this class fall in the region 
between 0 and 3 and thus a varying degree of protonation is obtained.  The main molecular 
complexes to deviate from the rules are 5-fluorocytosinium 3,5-dihydroxybenzoate hydrate 
and  cytosine  and  2,6-dihydroxybenzoic  acid  hydrate.  The  5-fluorocytosinium  3,5-
dihydroxybenzoate hydrate molecular complex has a  pKa value of –0.78 meaning that 
hydrogen  transfer  is  unfavourable  and  unexpected,  however,  total  hydrogen  transfer  is  
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exhibited. Contrastingly, the  pKa value for the cytosine 2,6-dihydroxybenzoate molecular 
complex is 3.30 suggesting that full proton transfer should be expected. However, in this 
case, only partial proton transfer is obtained. The introduction of a water molecule or the 
non 1:1 ratio of the products may result in the diminished effectiveness of the pKa rule.  
9.1.2 Base-Pair Motifs 
 
Hydrogen transfer has a significant effect on the primary bonding motif adopted in the 
molecular complexes reported in this thesis. There are three possible categories for the 
molecular complexes involving cytosine and 5-fluorocytosine, the structures capable of 
hydrogen transfer: total hydrogen transfer (all cytosine or 5-fluorocytosine molecules are 
protonated),  partial  hydrogen  transfer  (a  mix  of  charged  and  neutral  cytosine  or  5-
fluorocytosine  molecules),  and  no  hydrogen  transfer  (only  neutral  cytosine  molecules 
present in the structure).  
9.2 Hydrogen Transfer 
 
9.2.1 Total Hydrogen Transfer 
 
Table  9.4  Total  number  of  cytosine  or  5-fluorocytosine  molecular  complexes  with 
protonated, mixed protonated states and neutral only cytosine molecules. 
  Thesis – number of 
structures 
Thesis structures 
- % of total 
Protonated cytosine  13  40 
Mixed protonated and neutral cytosine  11  35 
Neutral cytosine  8  25 
 
Thirty two molecular complexes including either cytosine or 5-fluorocytosine have been 
reported in this thesis. From these structures just under half (13) exhibited total hydrogen 
transfer. When a structure exhibits total hydrogen transfer it limits the bonding patterns 
that can be adopted by  the structure as the pseudo-Watson-Crick bonding motif is not 
possible and neither is the type A bonding motif. In all of the structures that contain total 
hydrogen transfer the hydrogen-bonded ring motif was formed (Figure 9.1 (left)).   
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Figure 9.1. Hydrogen bonded ring motif exhibited by the molecular complex of cytosinium 5-
fluorosalicylate (left) and the supramolecular unit exhibited by the cytosine and 2,4-dihydroxybenzoic 
acid hydrate molecular complex (right). 
This bonding motif involves the two areas of the co-molecules that have either lost or 
gained the hydrogen and as such this bonding motif may be favoured here to balance the 
charge occurring as a result of the transfer of the hydrogen from the co-molecule to the 
cytosine or 5-fluorocytosine molecule.  
The type B bonding motif is present in three of the thirteen structures. This bonding motif 
helps  to  create  a  small  building  block  unit  (Form  I  and  II  of  cytosine  with  2,4-
dihydroxybenzoic acid hydrate) as seen in Figure 9.1 (right). However, the more common 
bonding  pattern  was  for  there  to  be  only  single  hydrogen  bonds  from  the  original 
hydrogen-bonded  ring  pair  to  neighbouring  hydrogen-bonded  ring  pairs  as  seen  in  the 
cytosine and 5-fluorosalicylic acid structure and shown in Figure 9.2. This total hydrogen 
transfer gives a predisposition to the structure to form the hydrogen-bonded ring motif as it 
was  adopted  by  all  of  the  structures  shown  in  this  thesis  that  contain  total  hydrogen 
transfer. 
 
 
Figure 9.2. Common bonding pattern with only single hydrogen bonds linking hydrogen bonded ring 
units together exhibited by the molecular complex of cytosinium 5-fluorosalicylate.  
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9.2.2 Partial Hydrogen Transfer 
 
Eleven molecular complexes containing only partial hydrogen transfer with respect to the 
cytosine/5-fluorocytosine molecule were identified. This partial hydrogen transfer means 
that  there  are  both  charged  and  neutral  cytosine  or  5-fluorocytosine  molecules  in  the 
structure.  The  co-molecule  in  these  molecular  complex  could  either  exist  solely  in  its 
charged state (in 2:1 molecular complexes) or with both charged and neutral co-molecules 
within the molecular complex (1:1 or other ratios). 
 
 
 
Figure 9.3. pseudo-Watson-Crick base pair motif exhibited by the molecular complex of cytosine and 
4-fluorobenzoic acid hydrate. 
All eleven structures that possessed partial hydrogen transfer exhibited the pseudo-Watson-
Crick base pairing motif shown in Figure 9.3. This bonding motif is made up of three 
hydrogen  bonds  between  two  cytosine  molecules  (one  charged  and  one  neutral).  This 
bonding motif is only possible when both charged and neutral cytosine or 5-fluorocytosine 
molecules  are  present.  Once  again  the  hydrogen  transfer  gives  the  structure  a 
predisposition to forming the pseudo-Watson-Crick bonding motif and this may once again 
be due to the balancing of the charge in the cytosine molecule that has become protonated. 
 
Figure 9.4. Two possible bonding patterns – extended cytosine homo-base-paired chain as exhibited by 
the molecular complex of cytosine and 2-fluorobenzoic acid hydrate (left) and the formation of a 
supramolecular unit as seen in the molecular complex of 5-fluorocytosine and 3,5-dinitrobenzoic acid 
(right). 
In  the  majority  of  the  molecular  complexes,  the  pseudo-Watson-Crick  units  form  into 
extended chains via single hydrogen bonds between adjacent pairs as shown in Figure 9.4 
(left).  In  some  of  the  structures  (e.g.  5-fluorocytosine  and  3,5-dinitrobenzoic  acid)  the  
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chain is terminated by the co-molecule to give a basic building block unit in the structure 
rather than the extended chain (Figure 9.4 (right)). These basic building blocks can be 
linked to one another via single hydrogen bonds. Of the structures determined, 11 exhibit 
the pseudo-Watson-Crick bonding motif. Of these 11 structures seven exhibit the pseudo-
Watson-Crick extended chain as seen in Figure 9.4 left. The remaining four structures all 
have their chains terminated by the co-molecule present in the complex. 
9.2.3 No Hydrogen Transfer 
 
The remaining eight structures all exhibit no hydrogen transfer. This category simply refers 
to a structure made up of only neutral cytosine molecules and neutral co-molecules. The 
molecules in this category once again are not capable of forming the pseudo-Watson-Crick 
bonding motif but are capable of forming the hydrogen-bonded ring, type A and type B 
bonding motifs. All of the structures show the type B bonding motif with this acting as a 
link between either hydrogen-bonded ring motifs or type A bonding motif. Type B does 
not require the face of the cytosine molecule that is involved in all the other bonding motifs 
and as a result there is no restriction to the type B bonding motif forming here.  
In seven of the eight structures, extended homo base-paired chains are formed between 
cytosine/5-fluorocytosine  molecules  and  these  are  comprised  of  alternating  type  A  and 
type B bonding motifs (Figure 9.5, left). The chains are then linked to one another through 
the co-molecule.  
 
Figure 9.5. The extended homo base-paired chain formed by alternating type A and type B bonding 
motifs in the molecular complex of 5-fluorocytosine and 3-fluorobenzoic acid solvate (left) and the 
terminated chain seen in the molecular complex of 5-fluorocytosine and 4-hydroxybenzoic acid. 
In the final structure, the molecular complex of 5-fluorocytosine and 4-hydroxybenzoic 
acid hydrate, this chain is terminated by a combination of the co-molecule and the solvent 
molecules. This structure only contains the type B bonding motif and does not form the 
type A bonding motif. The 4-hydroxybenzoic acid molecule terminates the chain in the 
position that the type A bonding motif would form creating a 4 molecule supramolecular 
unit (Figure 9.5 (right)).  
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9.3 Fluorine interactions 
The effect of fluorination was investigated in two ways: the effect of fluorination of both 
the nucleobase itself and the fluorination of the co-molecule was investigated. In some of 
the structures the fluorine atom plays a pivotal role in the structure whilst in others it 
merely  helps  to  have  subtle  effect  on  the  structure  that  differentiates  it  from  the  non-
fluorinated equivalent. 
9.3.1 Fluorobenzoic acid Molecular Complexes 
 
 
Figure 9.6. Separate chains linked via weak hydrogen bonds in the molecular complex of 5-
fluorocytosine and 4-fluorobenzoic acid (green represents the hydrogen bonds that make use of the 
fluorine atoms and the red and black represent separate chains). 
Fluorine  hydrogen  bonds  were  found  in  several  of  the  molecular  complexes;  the  most 
interesting role of these weaker interactions was found in the molecular complexes of 5-
fluorocytosine  with  4-fluorobenzoic  acid  and  3-fluorobenzoic  acid.  Fluorine  hydrogen 
bonds are formed between pairs of 3/4-fluorobenzoic acid molecules of separate chains 
creating base-pair type units. These interactions are key to the creation of the interesting 
architectures in these complexes – the presence of substantial pores.  
 
 
 
Figure 9.7. Spacefill representation to show the voids present in the molecular complexes of 3-
fluorobenzoic acid and 5-fluorocytosine (left) and 4-fluorobenzoic acid and 5-fluorocytosine (right). 
In  both  structures  of  this  type,  solvent  is  contained  in  the  pores.    These  pores  were 
investigated by a combination of TGA and DSC.  In the case of the 5-fluorocytosine : 3- 
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fluorobenzoic acid molecular complex, these suggested that it might be possible to remove 
the solvent before the compound decomposes although this requires further investigation. 
In the case of the 5-fluorocytosine 4-fluorobenzoic acid molecular complex, the outcomes 
of the thermal analyses were inconclusive. 
 
Figure 9.8. Single F
…H-C hydrogen bonds connecting chains in the structures of 5-fluorocytosine and 
benzoic acid (left) and 5-fluorocytosine and 2-fluorobenzoic acid (right) 
The same primary homo-base paired chain is evident in all of the complexes synthesized 
by  combining  5-fluorocytosine  with  benzoic  acid,  2-,  3-  and  4-fluorobenzoic  acid. 
However, the positioning of the fluorine atom on the benzoic acid affects the possible 
interactions that can take place.  In the benzoic acid molecular complex, the main fluorine 
interactions present are F
…H-C weak hydrogen bonds linking separate chains (Figure 9.8, 
left).  The  2-fluorobenzoic  acid  molecular  complex  also  contains  these  via  F
…H-C 
hydrogen bonds but invoking a different C-H group from that used in the benzoic acid 
molecular  complex.  This  is  a  consequence  of  F
…F  interactions  between  the  5-
fluorocytosine and the 2-fluorobenzoic acid molecules within a chain (Figure 9.8, right).   
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9.3.2 Hydroxybenzoic acid Molecular Complexes 
 
Three related complexes in this family were obtained in the form of cytosinium salicylate, 
cytosinium 5-fluorosalicylate and 5-fluorocytosinium salicylate. The differences between 
these  structures  are  due  to  the  differing  positions  of  the  fluorine  atoms  and  hence  the 
fluorine interactions.  
 
 
Figure 9.9. Fluorine interactions in left, cytosinium 5-fluorosalicylate and right 5-fluorocytosinium 
salicylate molecular complexes. 
The fluorine in the cytosinium 5-fluorosalicylate molecular complex is involved in C-H
…F 
hydrogen  bonds  whilst  the  fluorine  in  the  5-fluorocytosinium  salicylate  molecular 
complexes is involved in both C-H
…F hydrogen bonds and fluorine-fluorine interactions. 
These interactions are what cause the subtle differences between the structures but have no 
effect over the primary bonding patterns that are adopted in all three structures. In the 5-
fluorocytosine : 5-fluorosalicylic acid hydrate molecular complex, the crystallisation ratio 
is different, and so are the primary hydrogen bonding motifs. There are both fluorine-
fluorine  interactions  and  C-H
…F  hydrogen  bonds  in  this  molecular  complex  with  the 
former acting as a link between separate layers whilst the weak hydrogen bond links chains 
within the same plane. 
In the 5-fluorocytosine and 3-hydroxybenzoic acid molecular complex, the fluorine atom is 
involved in F···F interactions help to link separate networks together. The main netlike 
structure  is  intertwined  with  another  and  the  fluorine  interactions  are  one  of  the  main 
interactions present between these. The main interaction seen in this section is once again 
the C-H···F interaction, however, the F···F interactions play a prominent role in linking 
separate areas of the structure.  
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9.3.3 Disubstituted Benzoic Acid Molecular Complexes 
 
C-H···F weak hydrogen bonds are again the most prominent fluorine interaction found in 
the  molecular  complexes  of  5-fluorocytosine  with  disubstituted  benzoic  acids.  The  5-
fluorocytosinium 2,6-dihydroxybenzoate hydrate Form I molecular complex contains this 
hydrogen bond plays a significant role, with two of these interactions combining to form a 
base paired motif that helps to link heterodimers of hydrogen bonded rings between the 
two components (Figure 9.10). 
 
 
Figure 9.10. Base-pair style motif involving fluorine hydrogen bonds in the molecular complex of 5-
fluorocytosinium 2,6-dihydroxybenzoate hydrate Form I. 
In 5-fluorocytosinium 2,6-dihydroxybenzoate hydrate Form II, the fluorine does not from 
these interactions to form the base-paired motif, instead there are F···F interactions linking 
separate layers. However, there are still single C-H···F interactions but this time they are 
between  5-fluorocytosinium  and  2,6-dihydroxybenzoate  molecules  linking  separate 
heterodimers.  
9.3.4 Thiourea and Urea Molecular Complexes 
 
Only two molecular complexes were obtained with 5-fluorocytosine – 5-fluorocytosine and 
thiourea hydrate and 5-fluorocytosine  and urea.  In both of these molecular complexes, 
links are formed between chains via C-H···F hydrogen bonds (Figure 9.11). This bonding 
again resembles a base pairing motif between layers and once again shows that the C-H···F 
hydrogen bond is the most common bonding motif involving the fluorine atom.  
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Figure 9.11. Fluorine interactions linking separate chains in the molecular complex of 5-fluorocytosine 
and urea. 
9.3.5. Prevalence of Fluorine Interactions 
 
In conclusion, the most common fluorine bond is the C-H···F hydrogen bond which often 
acts as the primary link between chains, but also as a link between molecules within a 
chain. In some cases, two C-H···F hydrogen bonds combine to form a base-pairing motif, 
however,  this  is  rare  with  only  four  structures  exhibiting  this  motif.  Fluorine-fluorine 
interactions are not as common but when these have occurred they predominantly act as a 
link between layers. The strongest interactions in the molecular complexes are the base 
pairing motifs and the fluorine atoms do not disrupt these. 
The length range of fluorine hydrogen bonds obtained in this thesis was 3.027(2)-3.595(2) 
Å with an average value of 3.361 Å. The length range for F···F interactions was 2.666(3)-
2.801(2) Å with the average being 2.744 Å.  The shortest of these are significantly shorter 
than the sum of the van der Waals radii for two fluorine atoms (2.94 Å); the longest are 
only just under the sum of the van der Waals radii for two fluorine atoms and thus may 
only  be  occurring  as  a  consequence  of  other  interactions  rather  than  being  a  structure 
stabilising interaction. 
9.4 5-Fluorouracil and Uracil Molecular Complexes 
 
Three  molecular  complexes  incorporating  5-fluorouracil  and  one  containing  uracil  are 
reported. One of the most interesting results obtained was the pair of 5-fluorouracil and 
urea  and  uracil  and  urea  molecular  complexes.  These  two  molecular  complexes  are 
isostructural with one another and the only difference between the two structures is the 
presence  of  the  fluorine  atom  in  one  of  the  molecular  complexes.  There  are  two 
interactions  in  which  the  fluorine  atom  is  involved.  The  first  is  a  fluorine-fluorine 
interaction between two separate 5-fluorouracil molecules and the other interaction is an 
N-H
…F hydrogen bond; this is the one of the few N-H
…F hydrogen bond found in this  
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work. These interactions combine to have a subtle effect on the structure with the two 
slowly  moving  out  of  sync  with  one  another  as  the  two  structures  are  overlaid  and 
expanded (Figure 9.12). This moving out of sync is due to the interactions of the fluorine 
atom in the structure; these take the form of weak fluorine hydrogen bonds.  
   
Figure 9.12. Overlaid molecular complexes of uracil and urea (red) and 5-fluorouracil and urea 
(green) showing subtle interactions due to the fluorine atom.  Left shows the two structures moving out 
of sync and right shows the fluorine interactions which cause this slight change in orientation. 
These two molecular complexes contain stacking interactions where pairs of uracil or 5-
fluorouracil molecules are sandwiched by stacking interactions with the urea molecules. 
The stacking interactions between the uracil molecules are staggered meaning the uracil 
molecules do not line up perfectly. The orientation of the two urea and uracil molecules is 
also not the same (Figure 9.13). 
 
 
Figure 9.13.Stacking interactions in the uracil and urea molecular complex (red represents uracil and 
green represents urea) 
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Figure 9.14. Homo base-pairing (left) and. alternating pairs of 5-fluorouracil and thiourea molecules in 
the hydrogen bonded chain 
The remaining two structures differ greatly most likely due to the inclusion of the larger 
sulphur  atom.  The  5-fluorouracil  and  thiourea  structure  contains  homo-base-pairing 
(Figure 9.14, left) which is not seen in the other 5-fluorouracil molecular complexes. This 
homo-base-pairing,  however,  does  not  extend  out  into  a  homo-base  paired  chain;  the 
thiourea molecule inserts into the chain to form a chain made up of a homo base pair 
followed by two thiourea molecules and this alternates as the chain is extended (Figure 
9.14, right). This molecular complex also contains a fluorine hydrogen bond that involves 
the  amine  group  of  the  thiourea  molecule  and  is  formed  within  the  chain.  There  are 
stacking interactions in this molecular complex between two equivalent chains with one 
chain flipped so that the thiourea molecule stacks on top of the 5-fluorouracil molecule.  
The  last  remaining  molecular  complex  is  the  1:4:5  5-fluorouracil  and  3,5-
dihydroxybenzoic acid hydrate. This structure contains a large number of water molecules. 
The most interesting interaction in the structure is the base paired motif comprised of two 
fluorine  hydrogen  bonds  similar  in  nature  the  bonding  motif  observed  in  the  5-
fluorocytosine and 3-fluorobenzoic acid molecular complex (and others). This is the only 
base pairing motif as this unit is surrounded by water molecules (Figure 9.15, top). These 
water molecules insert into the middle of the hydrogen bonds that would make up the 
normal homo-base-pairing motif (Figure 9.15, bottom). These water molecules act as a 
spacer in this structure. This structure contains stacking interactions but these are between 
the 3-5-dihydroxybenzoic acid molecules that surround a single base pair. This means that 
there is no possibility of base stacking interactions in the structure. 
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Figure 9.15. Top, base pairing motif in the molecular complex of 5-fluorouracil 3,5-dihydroxybenzoic 
acid hydrate involving C-H···F hydrogen bonds. Bottom, water molecules spacing the conventional 
base pair. 
9.5 Stacking interactions 
 
There are stacking interactions in the majority of the structures that have been presented in 
this thesis. The most common stacking interactions are pseudo-base-stacking interactions 
that  are  staggered  where  neutral  cytosine  molecules  are  stacked  on  top  of  charged 
cytosinium molecules. This type of stacking was very common and was seen, for example, 
in  the  molecular  complex  of  cytosine  and  benzoic  acid.  When  there  are  only  neutral 
cytosine molecules present, the cytosine has been seen to have stacking interactions with 
other base molecules and also with the co-molecule present. 
One noticeable theme that reoccurs throughout the structures is the fact that when there are 
extended base-paired chains, like those seen in the cytosine and benzoic acid structure, the 
charged  cytosine  molecule  will  stack  on  top  of  the  neutral  cytosine  molecule.  This  is 
commonly  seen  in  the  molecular  complexes  that  contain  the  pseudo-Watson-Crick 
hydrogen bonded chain. This is maintained even when the pseudo-Watson-Crick base pair 
does  not  result  into  a  fully  extended  chain,  in  the  example  of  5-fluorocytosine  and  4-
hydroxybenzoic acid. The chain is not fully formed in this structure but once again the 
cytosinium stacks on top of the cytosine molecule. 
The one structure that follows a different pattern from this set is the structure of cytosine 
and 3-fluorobenzoic acid. This structure forms the hydrogen-bonded ring motif and this  
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allows  for  stacking  interactions  present  between  3-fluorobenzoate  molecules  that  are 
sandwiched by cytosinium molecules via more stacking interactions. The majority of the 
structures that form the hydrogen-bonded ring motif contain a mixture of base stacking and 
normal  stacking  interactions  as  the  pairs  overlap.  However,  the  related  structures  of 
cytosinium salicylate, 5-fluorocytosinium salicylate, and cytosinium 5-fluorosalicylate all 
form the hydrogen bonded ring. The stacking interactions are staggered to such an extent 
that the salicylate molecules stack on top of the cytosinium molecules and vice versa.  
The molecular complexes involving the type A and type B extended chains demonstrate 
the variety of stacking interactions that can be obtained. The structures of 5-fluorocytosine 
with  benzoic  acid,  2-,3-  and  4-fluorobenzoic  acid  all  result in  the same  primary  chain 
involving  alternating  type  A  and  type  B  bonding  motifs.  However,  the  benzoic  acid 
structure and the 2-fluorobenzoic acid molecular complexes have stacked chains flipped 
with respect to one another. However, the structures with 3- and 4-fluorobenzoic acid have 
a simple staggered stacked chain where the cytosine molecules are stacked and orientated 
in the same direction.  
In conclusion, when there are extended pseudo-Watson-Crick base paired chains it is a 
common occurrence for the cytosinium molecule to stack on top of the cytosine molecule.  
Where there are only charged molecules in the molecular complexes and the hydrogen 
bonded heterodimers are formed, cytosinium molecules tend to stack on top of the co-
molecules.  This suggests that the stacking interactions are influence by the presence of 
charge. If the type A and type B extended chain is formed a greater variety of stacking is 
obtained. 
9.6 dSNAP 
 
dSNAP has been used to classify the preferred hydrogen bonding motifs of the natural base 
pairs  contained  within  the  CSD.    However,  the  conclusions  that  could  be  drawn  were 
limited by the relatively few structures of this type found. The clustering of adenine and 
thymine worked well. This search and subsequent clustering gave 11 clusters with three 
preferred bonding motifs, the Watson Crick, the pseudo Watson Crick and the Hoogsteen. 
These were represented by 8, 7 and 8 hits, respectively.  
When carrying out a similar analysis on cytosine with guanine, fewer hits were obtained 
and this might be explained by solubility problems, notably with guanine. These structures 
were found to be best classified by three clusters. The preferred hydrogen bonding motif is 
the standard Watson Crick motif.   
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The dSNAP program was successful in separating out the hits due to the prominent base-
pairing bonding motifs adopted by the specific hit, however, the program did not give an 
insight into the buckling or the propeller twisting in the structures. Different values of 
propeller  twisting  and  buckling  was  found  to  appear  in  several  different  clusters  and 
separate into different clusters. 
9.7 Further Work 
 
One of the most interesting sets of molecular complexes obtained in this thesis are the 3-
fluorobenzoic  acid  and  4-fluorobenzoic  acid  with  5-fluorocytosine  complexes.  These 
structures  both  contain  channels  that  are  formed  via  fluorine  hydrogen  bonds.  These 
channels contain disordered solvent and from the results obtained from TGA and DSC 
analyses, the possibility of removing the solvent before the structure was destroyed was 
identified. Further investigations are required to try and remove the solvent and see if the 
crystal can be recovered and the structure determined in the absence  of solvent in the 
channels. If this process is possible, then it may be possible to fill these channels with 
gases such as H2 or CO2 and apply these as gas storage materials. 
dSNAP  has  been  shown  to  provide  a  useful  method  for  classifying  the  main 
supramolecular  units  in  nucleobase  molecular  complexes.  This  could  be  expanded  to 
include  other  molecular  complexes  in  addition  to  the  original  hits;  as  a  first  step,  the 
molecular complexes obtained within this thesis will be added to those already reported in 
the CSD to enable a comparison across a wider range of materials. 
This work could be extended to include fluorinated nucleosides and nucleotides and the 
effect of the positioning of the fluorine on their function.  This could involve fluorinating 
the  base,  sugar  or  phosphate  group.  This  would  lead  to  further  understanding  of  any 
structural  effects  that  may  be  relevant  to  the  use  of  these  materials  for  potential 
applications in the treatment of cancer and viral cells due to the different effect that the 
presence of fluorine will have on the efficacy of these.  
This  work  has  shown  that  fluorination  can  have  a  significant  effect  on  some  of  the 
interactions of importance in DNA structure, notably base-pairing, base-stacking and also 
by  the  introduction  of  additional  intermolecular  interactions  in  the  form  of  fluorine 
interactions.  Future extensions of this work could therefore also include an investigation 
into the possible effect of these modified interactions on the self-assembly and stability of 
fluorinated DNA double helical structures.  
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11. Appendix 
 
11.1 Adenine and Thymine dSNAP study 
 
11.1.1 Yellow and Red Cluster  
 
ADRBFT10  -  S.Fujii,  K.Kawasaki,  A.Sato,  T.Fujiwara,  K.-I.Tomita, 
Arch.Biochem.Biophys., 1977, 181, 363. 
 
11.1.2 Green Cluster 
 
KECYUN - M.Salas, B.Gordillo, F.J.Gonzalez, ARKIVOC, 2003, 4, 72 
MTYDAP - T.D.Sakore, H.M.Sobell, F.Mazza, G.Kartha, J.Mol.Biol., 1969, 43, 385 
 
11.1.3 Cyan Cluster 
 
EADBAC – D.Voet, A.Rich, J. Am. Chem. Soc., 1972, 94 (16), 5888 
EADBAR10 – D.Voet, J. Am. Chem. Soc., 1972, 94 (23), 8213 
QEDFEK – A.Camerman, D.Mastropaolo, A.Hempel, N.Camerman, Canadian Journal of 
Chemistry, 2000, 78:1045 
ETABFU - K.Tomita, L.Katz, A.Rich, J.Mol.Biol., 1967, 30, 545 
MTHMAD - K. Hoogsteen, Acta Cryst., 1963, 16, 907 
IMUEAD - T.D.Sakore, S.S.Tavale, H.M.Sobell, J.Mol.Biol., 1969, 43, 361 
MIUDAP10 - T.D.Sakore, H.M.Sobell, F.Mazza, G.Kartha, J.Mol.Biol., 1969, 43, 385 
MBUMAD10 - I.-N. Hsu, B. M. Craven, Acta Cryst., 1974, B30, 988 
 
11.1.4 Blue Cluster 
 
BARAAD - S.H. Kim, A. Rich. Proc. Natl. Acad. Sci. U.S.A, 1968, 60, 402. 
 
11.1.5 Pink Cluster 
 
ETABFU - K.Tomita, L.Katz, A.Rich, J.Mol.Biol., 1967, 30, 545 
MTHMAD - K. Hoogsteen, Acta Cryst., 1963, 16, 907 
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11.1.6 Orange Striped 
 
BARAAD - S.H. Kim, A. Rich. Proc. Natl. Acad. Sci. U.S.A, 1968, 60, 402. 
EADBAR10 – D.Voet, J. Am. Chem. Soc., 1972, 94 (23), 8213 
QEDFEK – A.Camerman, D.Mastropaolo, A.Hempel, N.Camerman, Canadian Journal of 
Chemistry, 2000, 78, 1045 
EADBAC – D.Voet, A.Rich, J. Am. Chem. Soc., 1972, 94 (16), 5888 
DETVAA_01 – X. Zhang, B.Bernet, A.Vasella, Helvetica Chimica Acta, 2006, 89, 2861 
DETVAA_02 - X. Zhang, B.Bernet, A.Vasella, Helvetica Chimica Acta, 2006, 89, 2861 
MTYDAP - T.D.Sakore, H.M.Sobell, F.Mazza, G.Kartha, J.Mol.Biol., 1969, 43, 385 
EBPMUR – G.Simundza, T. D. Sakore, Henry M. Sobell, Journal of Molecular Biology, 
1970, 48(2), 263 
 
11.1.7 Green Striped 
 
BARAAD - S.H. Kim, A. Rich. Proc. Natl. Acad. Sci. U.S.A, 1968, 60, 402 
BURBAD - S.S.Tavale, T.D.Sakore, H.M.Sobell, J.Mol.Biol., 1969, 43, 375 
CETQUO – T. Ise, D. Shiomi, K. Sato, T. Takui, Chem. Commun., 2006, 4832 
FUJDET - T.Ishida, Y.Tokura, M.Shimamoto, M.Doi, M.Inoue, Chem.Pharm.Bull., 1987, 
35, 1691 
IMUEAD - T.D.Sakore, S.S.Tavale, H.M.Sobell, J.Mol.Biol., 1969, 43, 361 
MIUDAP10 - T.D.Sakore, H.M.Sobell, F.Mazza, G.Kartha, J.Mol.Biol., 1969, 43, 385 
EBPETY - G.Simundza, T.D.Sakore, H.M.Sobell, J.Mol.Biol., 1970, 48, 263 
 
11.1.8 Cyan Striped 
 
KECYUN - M.Salas, B.Gordillo, F.J.Gonzalez, ARKIVOC, 2003, 4, 72 
 
11.1.9 Blue Striped 
 
FUJDET - T.Ishida, Y.Tokura, M.Shimamoto, M.Doi, M.Inoue, Chem.Pharm.Bull., 1987, 
35, 1691 
 
11.1.10 Purple Striped 
 
MIUDAP10 - T.D.Sakore, H.M.Sobell, F.Mazza, G.Kartha, J.Mol.Biol., 1969, 43, 385  
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11.2 Guanine and Cytosine dSNAP study 
 
11.2.1 Red Cluster 
 
BUDWAY - S.Fujita, A.Takenaka, Y.Sasada, Bull.Chem.Soc.Jpn., 1984, 57, 1707 
EGMCYT – S.Fujita, A.Takenaka, Y.Sasada, Biochemistry, 1985, 24 (2), 508 
MILFAP - H.Tanaka, D.Shiomi, T.Ise, K.Sato, T.Takui, CrystEngComm, 2007, 9, 767 
DIBMEG - H.Tanaka, D.Shiomi, T.Ise, K.Sato, T.Takui, CrystEngComm, 2007, 9, 767 
EGMFCY - E.J.O'Brien, Acta Crystallogr., 1967, 23, 92 
 
11.2.2 Yellow Cluster 
 
MILFAP - H.Tanaka, D.Shiomi, T.Ise, K.Sato, T.Takui, CrystEngComm, 2007, 9, 767 
 
11.2.3 Green Cluster 
 
BUDWAY - S.Fujita, A.Takenaka, Y.Sasada, Bull.Chem.Soc.Jpn., 1984, 57, 1707 
 
11.2.4 Cyan Cluster 
 
EGMCYT – S.Fujita, A.Takenaka, Y.Sasada, Biochemistry, 1985, 24 (2), 508 
 
MILFAP - H.Tanaka, D.Shiomi, T.Ise, K.Sato, T.Takui, CrystEngComm, 2007, 9, 767 
 
 
 